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Pseudomonas alcaligenes NCIMB 9867 (P25X wild-type) is capable of degrading 
aromatic hydrocarbons via the gentisate pathway. P25X was postulated to harbor 
isofunctional enzymes for the gentisate pathway, one set being constitutively expressed 
whereas the other set is strictly inducible. To date, only the gene encoding the 
constitutively-expressed gentisate dioxygenase (GDO I) had been cloned and 
characterized. 
Proteome analysis of P25X mutant G56 (a GDO I knock-out mutant) grown in the 
presence and absence of gentisate identified a protein spot that exhibited high homology 
to the GDO from Ralstonia sp. U2. This protein spot was postulated to be the inducible 
GDO II in P25X. Proteome analysis of an rpoN mutant of P25X, designated as G54, in 
response to gentisate induction showed that σ54 plays a global regulatory role in the 
expression of a wide variety of genes in P25X, including catabolic enzymes involved in 
carbon and nitrogen metabolism, transport proteins, stress-response proteins and 
proteins involved in cell motility. The expression of the inducible GDO II was 
established to be σ54 dependent. When P25X cells were cultured at 42oC in the presence 
and absence of gentisate as the aromatic inducer, nineteen heat shock proteins (Hsp) 
were identified amongst the protein spots that were either newly synthesized or were 
expressed at least two-fold higher. However, the expression of both GDOs was not 
detected when P25X cells were grown at 42oC, even in the presence of gentisate. 
The identified Hsps were classified into 6 classes: Hsp100, Hsp90, Hsp70, Hsp60, 
Hsp45, and sHsp. The GroEL chaperonin Hsp60 family comprised the largest group of 
Hsps identified and exhibits high expression at 42 oC following gentisate induction. If 
P25X cells carrying recombinant groEL promoter-driven GDO degradative enzymes 
can be constructed, it is possible to facilitate aromatic hydrocarbon degradation at high 
 XVI
growth temperature during bioremediation.  
The inducible gentisate pathway hbz operon containing 9 genes was cloned from the 
P25X mutant G56 (a GDO I knock out mutant), which included the hbzE encoding the 
inducible GDOII and the hbzR encoding a putative LysR-type transcriptional regulator. 
The hbzE was subcloned, overexpressed and purified as a recombinant hexahistidine 
(6X His-tagged) fusion protein. The recombinant GDO II was biochemically 
characterized and was found to have broad substrate specificities and possess different 
kinetic characteristics in comparison with the constitutive GDO I. The hbzR is 
divergently transcribed when compared to the hbz catabolic genes and displays low 
homology with the NagR (19% identity in 301 amino acids) from Ralstonia strain U2 
and the NagR from Polaromonas naphthalenivorans CJ2 (22% identifity in 301 amino 
acids). Reverse transcription PCR indicated that the hbzE expression was regulated by 
HbzR and the hbz cluster contains at least two independently transcribed operons – 
hbzH and hbzIJKLFED which are co-regulated by HbzR in the presence of 3-HBA. A 
putative σ54 promoter (CCGGTCCGCCGCGTGTACTGT) was found to be located 33 
bp upstream of the hbzH and a second σ54 promoter (AGGTGAGAGACCTTGCA) 
was identified 43 bp upstream of the hbzI. This indicated that transcription of both 








1.1    Engineering bacteria for bioremediation 
The most promising approach for treating the polluted environment is through 
bioremediation which is dependent on the catabolic functions of microorganisms. The 
use of the metabolic potential of microorganisms for eliminating environmental 
pollutants provides a safer and economic alternative to their disposal in waste dump 
sites when compared with physico-chemical strategies commonly employed. 
Microorganisms capable of mineralizing a variety of toxic compounds under 
laboratory conditions have been isolated. The accumulation in the environment of 
highly toxic and persistent compounds, however, emphasizes the fact that the natural 
metabolic diversity of the autochthonous microbes is insufficient to protect the 
biosphere from anthropogenic pollution (Furukawa, 2000). 
Genes encoding catabolic functions are considered to have adaptively evolved in 
nature by various genetic events, resulting in a family of diverse but highly related 
sequences (Furukawa, 2000). The enzymes that carry out the insertion of molecular 
oxygen into substrates are termed oxygenases. The various oxygenases are different in 
structure, mechanism, and cofactor requirements (Mason & Cammack, 1992). 
Aromatic-ring-hydroxylating dioxygenases generally consist of a terminal dioxygenase 
and the reductase chain, which transfers electrons from NAD(P)H to the terminal 
dioxygenase. The reduced terminal dioxygenase catalyzes the direct insertion of 
molecular oxygen into the substrate. Some terminal dioxygenases are homomultimers 
whereas others are heteromultimers consisting of a large subunit (α) and a small 
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subunit (β). In each case, the α subunit contains a Rieske (2Fe-2S) center and 
mononuclear iron. The mononuclear iron is believed to be the site of oxygen activation. 
Dioxygenases such as toluene dioxygenase (Tol Dox), naphthalene dioxygenase (NDO) 
and biphenyl dioxygenase (BP Dox) exhibit broad substrate specificities and these 
enzymes are able to degrade a variety of environmental pollutants. Furthermore, 
dioxygenases have been modified to improve the degradation capacities towards 
recalcitrant chlorinated compounds. Engineering of monooxygenases such as 
cytochrome P450 has also been successfully conducted (Kellner et al., 1997).  
Many recalcitrant organic compounds contain structural elements or substituents that 
do not (or seldom) occur in nature (xenobiotics). Presumably, because of the novelty of 
these compounds, microorganisms have not evolved appropriate metabolic pathways 
for degrading them. For some xenobiotics, no degradative routes have been described, 
others are transformed incompletely or inefficiently, or the complex mixtures of 
contaminants prevent degradation by existing pathways. Efficient degradation involves 
various factors, such as the bioavailability of substrates and transport of the substrate 
into the cell. Besides these factors, the organism capable of degradation must be 
present at the site where it is needed and it has to perform under the given or 
manipulated environmental conditions. Thus, a combined approach is required to 
understand the bottlenecks of xenobiotic degradation, to rationally overcome them by 
different genetic engineering methods, to elucidate the microbial metabolic diversity 
and to understand the metabolic network which is required for activity under the 
prevailing environmental conditions.  
In the practical world, engineers will approach bioremediation using a black-box 
approach (regarding the biocatalysts) and armed with chemical and engineering 
solutions. The biocatalysts are often the ones isolated from contaminated soil/sites and 
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they are often reported to carry out degradation of toxic environmental pollutants over 
a period of time in either bioreactors or on site. However, this approach is not 
satisfactory as the microorganism’s capability and contribution to degradation is often 
ill-defined.  
Growth of microorganisms on aromatic hydrocarbons and identification of proteins 
from proteomic analysis, coupled with functional assays, will clearly define the role of 
the proteins or enzymes involved in degradation of the particular aromatic hydrocarbon. 
This will help towards the setting up a database of functional proteomics. Degradation 
of aromatic hydrocarbons is dependent on the capability of certain proteins to act as 
inducers of transcriptional regulators controlling the operation of pathways and the 
enzymes that attack the substrates. Using the 2D gel electrophoresis approach, 
enzymes can be identified, cloned by reverse genetics, modified by site direct 
mutagenesis, or random mutagenesis and reintroduced into the bacteria to see if the 
substrate or kinetic properties can be altered. In this way, new biocatalysts with 
superior qualities such as improved kinetics and broader substrate specificities can be 
achieved (Parales et al., 2004). The role of the microorganism(s) in the consortium can 
be better defined and the degradative process in the soild or bioreactors can be 
designed to operate at optimum conditions. 
 
1.2 Regulation of aerobic catabolism pathways for degradation of aromatic 
compounds 
The most commonly reported mechanisms employed by bacteria to degrade aromatic 
hydrocarbons were those which occur under aerobic conditions. Despite the fact that 
degradative activities of microorganisms under aerobic conditions are very diverse, 
microbial degradation of most aromatic compounds proceeds primarily through a 
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rather limited number of common intermediates such as catechol, protocatechuate and 
gentisate. These central intermediates then undergo ring fission and are channeled into 
the central metabolic pathways. Most of the reactions used by aerobic bacteria for 
degrading the diverse array of aromatic hydrocarbons appear to be similar to those 
mentioned above, but reactions that prepare the benzene ring for fission tend to be 
specialized. Simultaneous introduction of both atoms of oxygen into an aromatic 
hydrocarbon will give rise to a dihydrodiol as the first step. The introduction of two 
hydroxyl groups that are either ortho or para to one another into the benzene ring is 
usually the prerequisite for the oxidative cleavage of the aromatic ring (Powlowski et 
al., 1985). In some instances, for example, in the degradation of 1, 3-dihydroxy-
benzene, a third hydroxyl group must either be present or be introduced before ring 
cleavage can occur (Groseclose et al., 1981). The preliminary hydroxylation of the 
aromatic ring by aerobes renders the nucleus reactive, and it is then open to attack by 
the next enzyme (dioxygenase) of the pathway. Three different pathways are employed 
by microorganisms to degrade aromatic hydrocarbons and the classification is based on 
the mode of oxidative cleavage of the benzene nucleus. They are: (i) the ortho or β-
ketoadipate pathway, (ii) the meta pathway and (iii) the gentisate pathway. Typical 
examples of the genetic organization of pathways for degradation of aromatic 











Fig. 1.1 Typical examples of the genetic organization of pathways for degradation 
of aromatic compounds. The regulatory genes are indicated in grey. (A) The tfd 
operons of R. eutropha JMP134(pJP4). The LysR-type transcription regulator TfdR/S 
regulates the tfdA, tfdC, and tfdDII promoters. (B) The ben and cat operons of 
Acinetobacter sp. strain ADP1. benM and catM code for LysR-type transcription 
regulators, which act on four promoters: benP, benA, catA, and catB. (C) The pca and 
pob clusters of Acinetobacter sp. strain ADP1. The genes pcaU and pobR code for 
IclR-type regulators, acting on the pcaI and pobA promoters. (D) The hpa cluster of E. 
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coli with HpaA as the XylS/AraC-type regulator. (E) The xyl operons for toluene 
degradation present on the TOL plasmid of P. putida mt2. XylR is the NtrC-type 
regulator acting on Pu and Ps, whereas XylS is the exemplar for the XylS/AraC family 
and acts on the Pm promoter. (F) The paa cluster in E. coli strain W, with the GntR-
type regulator PaaX regulating the paaA promoter. (G) The aph cluster in C. 
testosteroni strain TA441, encoding the aphS (GntR-type) and aphR (XylR-type) 
regulators. (H) The cym and cmt clusters in P. putida F1 with the TetR-type regulator 
cymR. (I) The tod cluster of P. putida DOT-T1 with the two-component regulatory 
system todST. Straight arrows represent transcripts produced after specific regulatory 
action of the indicated regulator. Parabolic arrows point to the site of action of a 
specific regulator in cases when multiple regulators are involved. Hooked arrows 





















1.2.1 Ortho or β-ketoadipate pathway 
Cleavage of the aromatic ring between adjacent carbon atoms that carry hydroxyl 
groups is known as ortho or intradiol cleavage. The compounds after cleavage are 
converted to a common intermediate, β-ketoadipate, which is further converted to 
succinate and acetyl CoA. The pathway by which the product of such a cleavage is 
further metabolized is known as the ortho or β-ketoadipate pathway. Most strains 
metabolize catechol by this pathway, involving an intradiol ring cleavage by catechol 
1,2-dioxygenase.  
 
1.2.1.1 Catabolic operons controlled by LysR-type regulators  
Examples of regulatory genes of ortho pathway include the cat, clc, tfd, and tcb 
systems involved in the degradation, of catechol in Pseudomonas putida and 
Acinetobacter calcoaceticus (Aldrich et al., 1987; Neidle et al., 1989), 3-
chlorocatechol in P.putida (Frantz and Chakrabarty, 1987), 2,4-dichlorophenoxyacetate 
in Alcaligenes eutrophus (Perkins et al., 1990) and 1,2,4-trichlorobenzene in 
Pseudomonas sp. Strain P51 (van der meer et al., 1991), respectively. The four systems 
all share similar catabolic intermediates, genes, genetic organization and regulatory 
systems (Daubaras and Chakrabarty, 1992). They are controlled by LysR-type 
transcriptional regulators (LTTRs) that comprise the largest family of prokaryotic 
regulatory proteins identified so far (Henikoff et al., 1988; Schell, 1993). The family 
has expanded to over 100 members that have been identified in diverse bacterial genera. 
This diversity is also reflected in LTTRs associated with degradation pathways of 
aromatic compounds (Díaz and Prieto, 2000).  
In general, the gene encoding for LTTRs lies upstream of its regulated gene cluster and 
is transcribed in the opposite direction, but exceptions to this rule exist. For example, 
 8
the gene for the salR regulator in Acinetobacter sp. strain ADP1 is present within the 
transcriptional unit salRA (Jones et al., 2000). All identified LTTRs involved in 
aromatic degradation pathways act as transcriptional activators for their target 
metabolic operons in the presence of a chemical inducer, which is usually a pathway 
intermediate (Coco et al., 1993; Leveau et al., 1996). In some cases, the effectors are 
pathway intermediates such as substituted muconates, whereas in other systems, 
aromatic compounds act as effectors (e.g., salicylate, catechol, and nitrotoluene) (Coco 
et al., 1993; Leveau et al., 1996). There is also experimental evidence for competition 
of several compounds for the regulatory protein. For example, fumarate reversibly 
inhibits the formation of the clcA transcript in an in vitro transcription assay system in 
the presence of purified ClcR and 2-chloro-cis,cis-muconate (Mcfall et al., 1997 a and 
b). All LTTRs repress their own expression, and both autorepression and activation of 
the catabolic operon promoter are exerted from the same regulator or repressor binding 
site (RBS) (Bundy et al., 2002; Rothmel et al., 1991; Schell and Poser, 1989).  
 
1.2.1.2 Structure, conformation and activation of Lys-R family regulator 
LTTRs involved in the degradation of aromatic compounds are composed of 394 to 
403 amino acid residues with a molecular mass of between 32 and 37 kDa. All the 
evidence presented so far points to tetramers being the active form of LTTRs. ClcR and 
CatR have been identified as dimers in solution (Coco et al., 1994; Parsek et al., 1992), 
but two dimers are needed to bind DNA (McFall et al., 1997). LTTRs have a 
conserved domain organization such as a DNA binding region with a predicted helix-
turn-helix (HTH) motif located in the N-terminal,  two inducer recognition regions  
and one multimerization region  (Schell, 1993).  
LTTRs induce expression of pathway genes in the presence of the growth substrates or 
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pathway intermediates. The inducer binds to a region centered approximately 65 bp 
upstream of the transcription start site of the genes that LTTRs regulate (Schell, 1993). 
LTTRs are positive regulators that activate expression of the genes they regulate after 
presumably interacting with an inducer (Schell, 1993). 
 
1.2.1.3 CatR regulator from P.putida 
The best studied regulatory protein in the ortho pathway is CatR, which positively 
regulates expression of catBC and catA genes in P. putida in response to the inducer 
cis,cis-muconate (Houghton et al., 1995; Rothmel et al., 1990). Although catBC and 
catA are contiguous on the P. putida PRS2000 chromosome, catA can be 
independently transcribed from catBC (Houghton et al., 1995). In P. aeruginosa, catA 
is located about 3 kb away from catBC (Kukor et al., 1988). 
CatR is a member of the LysR family of regulators (Rothmel et al., 1990). A closely 
related subgroup of the family includes proteins, such as ClcR (Persek et al., 1994), 
TfdR (Matrubutham & Harker, 1994), and TcbR (Leveau et al., 1994), that are 
regulators for modified ortho-pathways involved in the degradation of 
monochlorocatechol, dichlorocatechol, and trichlorocatechol, respectively. The CatR 
protein has been purified, and its DNA binding properties and mechanism of catBC 
operon activation investigated (Parsek et al., 1992; Parsek et al., 1994). An inducer-
independent binding site, also referred to as a repression binding site (RBS), has been 
localized to a 27-bp region between bases -79 and -53 relative to the transcription start 
site of catB. Two CatR dimers have been proposed to bind at this site, one bound to the 
DNA and the second stacked on the first dimer (Parsek et al., 1992). Addition of the 
inducer (100 µM cis,cis-muconate) to the system increases the affinity of CatR for 
catB promoter DNA by about twofold, and it also stimulates the binding of a CatR 
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dimer to the activation binding site (ABS) at nucleotides -47 to -34 (Parsek et al., 1992; 
Parsek et al., 1994). Parsek et al. (1992) have proposed that in the presence of inducer 
there is one dimer bound to the RBS and one bound to the ABS (Parsek et al., 1992). 
Experiments with DNA bending vectors show that binding of CatR to the RBS in the 
absence of inducer results in bending of DNA. In the presence of inducer, the binding 
of a CatR dimer to the ABS causes a relaxation of the bend angle. These observations 
have led to the proposal that a relaxation in the bending of DNA in the catB promoter 
region facilitates activation of transcription, possibly by allowing direct interaction of 
CatR with the α-subunit of RNA polymerase in the -35 region. There is evidence that 
this general type of transcription activation mechanism may also be used by other 
LysR proteins (Parsek et al., 1995). 
 
1.2.2 meta-pathway 
In this mode, cleavage of the benzene nucleus occurs between two carbon atoms, one 
of which carries a hydroxyl group, the other carbon atom being either unsubstituted or 
substituted with groups other than a hydroxyl group. In this case, the hydroxyl groups 
may be placed either ortho or para to one other. This type of cleavage is known as 
extradiol cleavage and the pathway by which products of such cleavage are 
metabolized is known as the meta pathway. In Pseudomonas putida mt-2, xylene and 
toluene are degraded through the meta pathway by the formation of catechol which 
undergoes extradiol ring cleavage catalyzed by catechol 2,3-dioxygenase. 
The regulatory genes for meta-pathway are typified by two NtrC-type transcriptional 
regulators: DmpR and XylR. NtrC-type regulators activate RNAP containing the 
alternative sigma factor σ54. The σ54-RNAP holoenzyme forms a stable complex with 
the –12 and –24 promoters but is unable to start transcription without further activation 
 11
(Buck & Cannon, 1992; Popham et al., 1989; Sasse-Dwight and Gralla, 1988). 
Isomerization to the open complex is strongly stimulated by specific regulatory 
proteins, generally known as prokaryotic enhancer binding proteins. The best-
characterized member is the NtrC, and often the family of prokaryotic enhancer 
binding proteins is referred to as the NtrC family. NtrC-type regulators bind to DNA 
regions known as upstream activating sequences (UASs), which are usually located 
more than 100 bp upstream from the σ54-RNAP binding site (Buck & Cannon, 1992; 
Buck et al., 1987). Interactions between σ54-RNAP bound to the –12/–24 region and 
the regulatory protein associated with the UASs are often facilitated by a bend in the 
intervening DNA, which can be the result of integration host factor binding (Pérez-
Martín et al., 1994). 
 
1.2.3 Gentisate pathway 
When the second carbon atom of the benzene ring carries a hydroxyl group, which is 
para to the other, as is the case of gentisic acid (2,5-dihydroxybenzoic acid), extradiol 
cleavage is catalyzed by gentisate 1,2-dioxygenase. The pathway for metabolizing 
gentisic acid is known as the gentisate pathway. 
Gentisic acid is a key intermediate and focal point in the aerobic pathways for the 
metabolism of a large number of aromatic compounds; such as anthranilate (Ladd, 
1962), p-naphthol (Walker & Lippert, 1965), 3- and 4-hydroxybenzoates (Crawford, 
1975, 1976; Jones & Cooper, 1990; Harpel & Lipscomb, 1990), salicylate (Ohmoto et 
al., 1991), flavanones (Tomasek & Crawford, 1986), m-cresol, 2,5- and 3,5-xylenol 
(Hopper & Chapman, 1971; Hopper & Taylor, 1975) and naphthalene disulfonate 
(Wittich et al., 1988).  
The discovery that the gentisate pathway plays a role in the degradation of aromatic 
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hydrocarbons could be traced back to 1953, when Roof et al. first reported that 
gentisate could serve as a sole carbon source for a gram-negative aerobic bacillus and 
oxidation of gentisate did not follow any of the catabolic pathways established at that 
time. Studies with P. ovalis initiated a general scheme in which gentisic acid was 
metabolized (Tanaka et al., 1957; Lack, 1959). The main feature of this pathway was 
the cleavage of the benzene ring by gentisate 1,2-dioxygenase to form maleylpyruvate 
and isomerization to fumarylpyruvate, followed by hydrolysis to fumarate and 
pyruvate (Fig. 1.2) (Lack, 1959). These products were then utilized in the tricarboxylic 
acid cycle for carbon and energy production. This metabolic pathway occurs in a few 
genera of bacteria, such as Pseudomonas ovalis (Lack, 1959) and Moraxella osloensis 
(Crawford et al., 1975). 
In 1968, Hopper and his colleagues established an alternate pathway for the 
degradation of gentisate whereby maleylpyruvate was hydrolyzed to maleate and 
pyruvate. The divergence in the pathway was observed to occur during the catabolism 
of m-cresol, 2,5-xylenol and 3,5-xylenol in three Pseudomonas species (Hopper & 
Chapman, 1971; Hopper et al., 1971). Recently, gentisate pathway was found to be 
employed by several organisms to degrade aromatic hydrocarbons. The nag genes of 
Ralstonia sp. strain U2 code for the enzymes of the alternative pathway for the 
catabolism of naphthalene, which converts naphthalene to fumarate and pyruvate via 
salicylate (2-hydroxybenzoate) and gentisate (2,5-dihydroxybenzoate) (Fuenmayor et 
al., 1998). Regulation of the gentisate pathway in Ralstonia strain U2 was achieved 
through a LysR-type transcriptional regulator - NagR (Jones et al., 2003). The nag 
genes are organized in a continuous sequence of adjacent genes under a putative -10,   
-35 σ70-type promoter binding site (Jones et al., 2003).  
Aerobic aromatic acid degradation pathways have been reported in two haloarchaeal 
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strains: Haloferax sp. D1227 (Emerson et al., 1994) and Haloarcula sp. D1 (Fairley et 
al., 2002). Physiological and biochemical studies showed that gentisate is an 
intermediate in the biodegradation of 3-hydroxybenzoic acid (3HBA) in Hfx. D1227 
(Fairley et al., 2002; Fu and Oriel, 1999) and 4-hydroxybenzoic acid (4HBA) in 
Haa.D1 (Fairley et al., 2002). In Haloferax sp., the degradation of 3-phenylpropionic 
acid was proposed to be initiated by oxidation of the side chain to produce benzoyl-
CoA, which is subsequently metabolized by the gentisate pathway (Fu and Oriel, 
1999). In Haloferax sp. D1227, Gentisate-1,2-dioxygenase genes (gdoA) was 
expressed during growth on benzoate, 3-hydroxybenzoate, cinnamate and 
phenylpropionate and both acdB (encoding a putative CoA-synthetase β-subunit) and 
tieA (encoding a CoA-thioesterase), which located immediately upstream of the gdoA 
genes in both Hfx. D1227 and Haa. D1, were expressed during growth on benzoate, 
cinnamate and phenylpropionate, but not on 3-hydroxybenzoate. In contrast, gdoA was 
expressed in Haloarcula sp. D1during growth on 4-hydroxybenzoate but not benzoate, 
and acdB and tieA were not expressed during growth on any of the aromatic substrates 
tested (Fairley et al., 2006).  
In Corynebacterium glutamicum, a gene cluster designated ncg12918-ncg12923 was 
shown to encode proteins involved in the gentisate/3-hydroxybenzoate pathway. Genes 
encoding gentisate 1,2-dioxygenase (ncg12920) and fumarylpyruvate hydrolase 
(ncg12919) were identified by cloning and expression of each gene in Escherichia coli. 
A GSH-independent maleylpyruvate isomerase and a fumarylpyruvate hydrolase were 
reported to be involved in aromatic metabolism of these two aromatic hydrocarbons 
(Shen et al., 2005).  
In a more recent study, the naphthalene catabolic genes in P. naphthalenivorans CJ2 
were found to be divided into one large and one small gene cluster, separated by an 
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unknown distance. The large gene cluster (nagRAaGHAbAcAdBFCQEDJI'ORF1tnpA) 
is regulated by a LysR-type regulator (nagR) and coding for the enzymes involved in 
the conversion of naphthalene to salicylate (naphthalene degradation upper pathway). 
The small cluster (nagR2ORF2I"KL) is regulated by a MarR-type regulator (nagR2) 
and coding for the conversion of salicylate to pyruvate and acetyl coenzyme A via 
meta-cleavage (naphthalene degradation lower pathway). Interestingly, P. 
naphthalenivorans carries two copies of gentisate dioxygenase (nagI) with 77.4% 
DNA sequence identity to one another and 82% amino acid identity to their homologue 
in Ralstonia sp. strain U2 (Jeon et al., 2005). 
 
1.2.3.1 Gentisate pathyway in Pseudomonas alcaligenes NCIMB 9867 
Pseudomonas alcaligenes NCIMB 9867 (designated as P25X) was isolated by elective 
enrichment using 2,5-xylenol as the carbon source. Hopper and colleagues showed that 
growth of P25X on either m-cresol, 2,5- or 3,5-xylenol resulted in the synthesis of 
enzymes that degraded the other two substrates completely (Hopper & Chapman, 
1971). This was interpreted as being due to the inductive functions of the growth 
substrates and the broad substrate specificities of the enzymes. For example, in 
addition to utilizing gentisate as a substrate, P25X gentisate1,2-dioxygenase formed 
during growth on m-cresol could also utilize 3-methyl-, 4-methyl-, 3-ethyl- and 3,4-
dimethylgentisates (Hopper et al., 1971). The substrate range included 3-chloro-, 4-
chloro-, 3-fluoro-, 4-fluoro-, and 3-bromo-gentisates (Poh & Bayly, 1980). A gentisate 
1,2-dioxygenase with broad substrate specificity was similarly synthesized when either 
2,5- or 3,5-xylenol was the growth substrate (Poh & Bayly, 1980). Furthermore, 
various ring-fission products of these gentisates were also readily attacked by a 
maleylpyruvate hydrolase from the same organism. Specificity of induction by 
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different growth substrates was evident since the ratio of activities of maleylpyruvate 
hydrolase towards maleylpyruvate and 3-bromomaleylpyruvate in m-cresol-grown 
P25X was different from that observed when 2,5-xylenol was the growth substrate 





















Studies with mutant strains of P25X have provided information on the physiological   
mechanisms that control the synthesis of enzymes of the gentisate pathway used by 
P25X for growth on m-cresol, 2,5- and 3,5-xyleno1 (Poh & Bayly, 1980). The first five 
enzymes were synthesized constitutively (Fig. 1.2). Their specific activities were 
raised only 3- to 5-fold when P25X wild type was grown on either m-cresol, 2,5-or 
3,5-xylenol. The first reaction of the pathway is catalyzed probably by a single enzyme 
of broad substrate specificity as a mutant defective in producing the methyl 
hydroxylase failed to grow when m-cresol, 2,5- or 3,5- xylenol was the growth 
substrate (Poh & Bayly, 1980). 
It was established that P25X has isofunctional mono- and dioxygenases, one set being 
constitutive and the other strictly inducible. The presence of three sets of isofunctional 
enzymes mediating the reaction sequences from 3-hydroxybenzoate to citraconate was 
also observed (Poh & Bayly, 1980). One set was constitutive and not signficantly 
induced during growth on 2,5-xylenol, while the other set was only induced during 
growth on m-cresol, 3-hydroxybenzoate and gentisate. Strains of P.alcaligenes NCIMB 
9867 (P25X) which had lost the genes encoding the constitutive enzymes, from 3-
hydroxybenzoate 6-hydroxylase I to gentisate 1, 2-dioxygenase I, were found to retain 
a strictly inducible set of enzymes (3-hydroxybenzoate 6-hydroxylase II and gentisate 
1,2-dioxygenaseII). These inducible enzymes had marked differences in substrate 
specificities from the constitutive enzymes (Poh & Bayly, 1980). On the basis of 
differences observed in the substrate specificities of the constitutive and the inducible 
maleylpyruvate hydrolases, it was suggested that two such enzymes were produced by 
P25X (Poh & Bayly, 1980). Presence of isofunctional maleylpyruvate hydrolases was 
subsequently confirmed by purification and characterization from cells grown with 
lactate and 3-hydroxybenzoate (Bayly et al., 1980). 
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Two benzylalcohol dehydrogenase enzymes were postulated to be synthesized by 
P.alcaligenes P25X (Poh & Bayly, 1980). Strains that were not able to utilize 2,5-
xylenol and had no constitutive alcohol dehydrogenase were observed to grow on p-
cresol using the β-ketoadipate pathway. This led Poh and Bayly (1980) to conclude 
that an inducible alcohol dehydrogenase was present (1980). Two distinct 
benzylalcohol dehydrogenases were isolated and characterized in P25X (Wirohusodo, 
1989). 
P. alcaligenes NCIMB 9867 (P25X) therefore metabolizes m-cresol, 2,5- and 3,5- 
xylenol via the gentisate pathway, utilizing a combination of single enzymes with 
broad substrate specificities (such as the xylenol methylhydroxylase), and a number of 
isofunctional enzymes such as 3-hydroxybenzoate-6-hydroxylases, gentisate 1,2-
dioxygenases and maleylpyruvate hydrolases. 
 
1.2.3.2 Regulation of the gentisate pathway in P25X 
The gene encoding the constitutive copy of the gentisate 1,2-dioxygenase (GDOI) was 
cloned and characterized (Yeo et al., 2003). The cloned GDO gene, designated xlnE, is 
part of the constitutive operon which consists of six genes, xlnEFGHID and is 
transcribed from a σ70 type promoter, PxlnE, located 123bp upstream of the xlnE start 
codon. Primer extension analysis showed that the xlnE transcription start point is 
located at the -87 adenine residue. Transcription from PxlnE is inducible by aromatic 
substrate, especially 3-hydroxybenzoate. When compared to the ortho- and meta- 
pathway, little is known about the regulation of the gentisate pathway.  
 
1.3   Gentisate 1,2-dioxygenase 
Gentisate is a key metabolite formed from anthranilate, β-naphthol, 3- and 4- 
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hydroxybenzoate, salicylate, flavonones, m-cresol, 2,5-xylenol, 3,5-xylenol and 
naphthalene. The aromatic-ring-cleavage enzyme, gentisate 1,2-dioxygenase (GDO; 
EC1.13.11.4, gentisate: oxygen oxidoreductase), cleaves the aromatic ring between the 
carboxyl- and the vicinal- hydroxyl group to form maleylpyruvate (Fig. 1.3). Although 
the mechanism of oxygen activation of gentisate 1,2-dioxygenase was proposed to be 
similar to that of enzymes of the extradiol dioxygenase class (Harpel & Lipscomb, 
1990b) and the active center contains Fe (II) (Crawford et al., 1975; Harpel & 
Lipscomb, 1990a; Kiemer et al., 1996; Suarez et al., 1996; Sugiyama et al., 1958), 
Fe(II) is not bound to the enzyme by electron-donating ligands such as cysteine or 
tyrosine (Harpel & Lipscomb, 1990b) as is the case for extradiol-cleaving dioxygenase 


























The first GDO that was purified was from Moraxella osloensis (Crawford et al., 1975). 
Since then, several GDOs have been purified and characterized from both Gram-
positive bacteria of the genera Rhodococcus and Bacillus (Suemori et al., 1993; 
Kiemer et al., 1996) as well as from Gram-negative bacteria such as Klebsiella 
pneumoniae M5a1, Pseudomonas aeruginosa and Sphingomonas sp. RW5 (Suarez et 
al., 1996; Harpel & Lipscomb, 1990a; Werwath et al., 1998). In addition, gentisate 1,2-
dioxygenase has also been purified from an extreme halophile Haloferax sp. D1227 
(Fu & Oriel, 1998). The properties of GDOs purified from Comamonas acidovorans 
and Comamonas testosteroni have also been determined (Harpel & Lipscomb, 1990a). 
Recently, the gene coding for a dioxygenase with the ability to cleave salicylate by a 
direct ring fission mechanism to 2-oxohepta-3,5-dienedioic acid was cloned from 
Pseudaminobacter salicylatoxidans strain BN12. The deduced amino acid sequence 
encoded a protein with a molecular mass of 41 kDa, which showed 28 and 31% 
sequence identity, respectively, to a gentisate 1,2-dioxygenase from Pseudomonas 
alcaligenes NCIMB 9867 and a 1-hydroxy-2-naphthoate 1,2-dioxygenase from 
Nocardioides sp. KP7 (Hintner et al., 2004).  
GDOs produced by M. osloensis, C. testosteroni, C. acidovorans, K. pneumoniae, 
Sphingomonas sp. Strain RW5, and P.alcaligenes P25X were all tetrameric in nature, 
with identical subunits of around 40 kDa (Suarez et al., 1996; Harpel & Lipscomb, 
1990a; Werwath et al., 1998; Feng et al., 1999). However, the P. putida P35X gentisate 
1,2-dioxygenase differed both in molecular mass (82 kDa) and subunit structure [(α)2] 
from all the GDOs that have been studied to date. All the GDOs studied to date were 
found to be activated and stabilized by 0.1 mM Fe2+ and could not be purified without 
Fe2+. The pH optimum range and pH stability range of most GDOs were found 
between 7.0 and 9.0. The pI values of most GDOs were between 4.6 and 6.0. The Km 
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of the P25X GDO I (92 mM), P. testosterone GDO (85 mM) and P. acidovorans 
GDO(74 mM) were considerably higher than those reported for GDOs from M. 
osloensis (7.1 mM) and K. pneumoniae (52 mM) (Table 1.1). Lower Km and higher 
catalytic efficiencies (kcat/Km) towards 3-alkyl and 3-halogenated gentisates were 
reported for GDOs from P. alcaligenes P25X and P. putida P35X. The P25X GDO I 
and P35X GDO have a distinct advantage in the degradation of these substrates over 
the corresponding GDOs from P. testosteroni and M. osloensis (Feng et al., 1999).  
Alignment of known GDO sequences indicated the presence of a conserved central 
core region. In P. alcaligenes P25X, mutant GDOs generated by both random 
mutagenesis and site-directed mutagenesis within this central core resulted in the 
complete loss of enzyme activity, whereas mutations in the flanking regions yielded 
GDOs with enzyme activities that were reduced by up to 78% (Chua et al., 2001). Site-
directed mutagenesis of amino acid residues that converted His residues to Asp on the 
highly conserved HRH and HXH motifs resulted in the complete loss of catalytic 
activity (Chua et al., 2001). However, replacement of tyrosine 181 by phenylalanine in 





Table 1.1 Properties of gentisate 1,2-dioxygenases from different microorganisms  
 
 
Adapted from Feng et al., 1999. 
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In 1990, Harpel and Lipscomb established the first direct demonstration of 
dioxygenase stoichiometry in the reaction of a ferrous, non-heme, aromatic ring-
cleaving dioxygenase. It is proposed that the enzyme-catalyzed O2 attack on the 
aromatic ring of gentisate is initiated from a complex in which O2 and the substrate 
were simultaneously coordinated to the iron at the active site. Subsequent dioxygen 
bond cleavage and insertion are proposed to be promoted by a resonance shift 
involving ketonization of the carbon-5 hydroxyl group. EPR studies also suggested 
that H2O coordinates with Fe (II) and that gentisate binds directly to the iron cofactor 
through two coordinations bindings using one oxygen atom of the carbon-1-
carboxylate and the oxygen atom of the carbon-2 hydroxyl group, thereby bringing the 
site of ring cleavage close to the active site iron (Harpel & Lipscomb, 1990b). 
 
1.4 The application of functional genomics in environmental microbiology 
It is estimated that around 40% of the open reading frames in a fully sequenced 
organism have no known function at the biochemical level and are unrelated to any 
known gene. Consequently, a shift of emphasis is now occurring from genome 
mapping and sequencing to the determination of genome function. This is the area 
known as functional genomics and the aim is to discover the biological function of 
particular genes and to uncover how sets of genes and their products work together in 
cells (Hietor and Boguski, 1997).   
In its broadest definition, functional genomics encompasses many traditional 
molecular genetic and other biological approaches, such as the analysis of phenotypic 
changes resulting from mutagenesis and gene disruption (Hietor and Boguski, 1997). 
Functional genomics has emerged recently as a new discipline employing major 
innovative technologies for genome-wide analysis supported by bioinformatics. These 
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new techniques include proteomics for protein identification, characterization, 
expression, nteractions and transcriptomic profiling (Deutschbauer et al., 2006; Wilm 
et al., 1996). These activities depend both on experimental and computational methods. 
Recently, the genome of an anaerobic aromatic-degrading denitrifying bacterium, 
strain EbN1 (4.7 Mb; one chromosome, two plasmids) was determined by Rabus et al. 
(2005). Bioinformatical analysis identified ten anaerobic and four aerobic aromatic-
degradation pathways from the chromosome of strain EbN1, with the coding genes 
mostly forming clusters. The presence of multiple respiratory complexes and 
paralogous gene clusters (e.g. for anaerobic ethylbenzene degradation) suggest a 
broader degradation spectrum than previously known. The global expression patterns 
of strain EbN1 cells anaerobically grown with toluene and ethylbenzene were analyzed 
by DNA-microarray and proteomics and the data indicated sequential mode of 
regulation for the toluene and ethylbenzene pathways in strain EbN1 (Kühner et al., 
2005).  
The fundamental strategy in a functional genomics approach is to expand the scope of 
biological investigation from studying single genes or proteins to studying all genes or 
proteins at once in a systematic fashion. The classic approach to assess gene function is 
to identify which genes are required for a certain biological function at a given 
condition through gene disruption. With the combination of new technologies, 
functional genomics will not only make traditional research approaches more 
productive and efficient, but will also supplement the detailed understanding of gene 
functions. Several recent functional genomics studies using proteomics provide a 
frame work and starting point for further analysis and help to define the function of a 
particular protein. Furthermore, partial protein sequences from high-resolution, two-
dimensional gels and electrospray mass spectrometry of protein complexes can be used 
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to unambiguously assign peptides to specific gene sequences in the context of the 
whole genome sequence (12, 13). In order to understand the benzoate degradation 
pathway used by Acinetobacter sp. KS-1, Kim et al. (2003) performed proteome 
analysis of benzoate-cultured and succinate-cultured strain KS-1. Of the eighteen 
protein spots induced from the benzoate-cultured strain KS-1, two benzoate-degrading 
enzymes (catechol 1,2-dioxygenase and β-ketoadipate succinyl-CoA transferase) were 
identified and the data suggest that strain KS-1 degrades benzoate by the β-ketoadipate 
pathway. The catechol 1,2-dioxygenase was purified using ammonium sulfate 
precipitation followed by DEAE-sepharose and Mono-Q chromatography. Analysis 
using N-terminal and internal amino acid sequences showed that this catechol 1,2-
dioxygenase is highly homologous with the catechol 1,2-dioxygenase of Acinetobacter 
radioresistens. In another study, Benndorf and Babel (2002) reported the induction of 
two chlorocatechol 1,2-dioxygenases identified from the proteome analysis of Delftia 
acidovorans MC1 exposed to 2,4-dichlorophenoxypropionic acid, its metabolites 2,4-
dichlorophenol and 3,5-dichlorocatechol during growth on pyruvate as a source of 
carbon and energy. These results suggest that comparative proteomic analysis of 
biodegrading bacteria cultured under different conditions may be a useful initial step 
towards the elucidation of the aromatic hydrocarbon degradation pathway. 
In addition to revealing DNA sequences which illustrate the metabolic and functional 
potential of an organism, environmental proteomics can detect expressions of protein 
in a community and provides critical insight into the important cellular activities with 
temporal and spatial environmental resolution. Such information not only yield useful 
biomarker proteins to companies undertaking bioremediation work, but also help to 
build up proteomic databank to better understand the catalytic role of microorganisms. 
Recent findings by Santos et al. (2004) showed that proteins up-regulated in phenol-
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grown Pseudomonas putida KT2440 included those involved in: (i) oxidative stress 
response; (ii) general stress reponse (iii) energetic metabolism; (iv) fatty acid 
biosynthesis; (v) inhibition of cell division; (vi) cell envelope biosynthesis; (vii) 
transcription regulation; and (viii) transport of small molecules. To identify other 
cellular factors that allow the growth of P. putida DOT-T1E in the presence of high 
concentrations of toluene, Segura et al. (2005) performed two-dimensional gel 
analyses of proteins extracted from cultures grown on glucose in the presence and 
absence of toluene. The induced proteins were classified into four categories: 1) 
proteins involved in the catabolism of toluene; 2) proteins involved in the channeling 
of metabolic intermediates to the Krebs cycle and activation of purine biosynthesis; 3) 
proteins involved in sugar transport; 4) stress-related proteins. The set of proteins in 
groups 2 and 3 suggests that the high energy demand required for solvent tolerance is 
achieved via activation of cell metabolism.  
In environmental microbiology, high-throughput sequencing and advances in DNA 
cloning and expression technologies, coupled with bioinformatic analysis, are enabling 
comprehensive views into the process of degradation undertaken by microorganisms. 
By genome-wide data mining, Shen et al. (2005) reported the identification of a gene 
cluster designated ncg12918-ncg12923 encoding putative proteins involved in 
gentisate/3-hydroxybenzoate pathway in Corynebacterium glutamicum. Cloning and 
expression of these gene in E. coli showed that the ncg12918 orf encodes a 
glutathione-independent maleylpyruvate isomerase; the ncg12919 orf encodes a 
fumarylpyruvate hydrolase; the ncg12920 orf encodes a gentisate 1,2-dioxygenase. 
The genes ncg12922 and ncg12923 were deduced to encode a gentisate transporter 
protein and a 3-hydroxybenzoate hydroxylase, respectively, and were essential for 
gentisate or 3-hydroxybenzoate assimilation. Based on the results obtained in this 
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study, a GSH-independent gentisate pathway was proposed, and genes involved in this 
pathway were identified. In another study, genes analogous to the mshA, mshB, mshC, 
and mshD genes that are involved in biosynthesis of mycothiol in Mycobacterium 
tuberculosis and Mycobacterium smegmatis were individually deleted from C. 
glutamicum (Feng et al., 2006). The mshC and mshD mutants lost the ability to 
produce mycothiol and the mshB mutant produced mycothiol as the wild type did. The 
mshB mutant was able to grow in mineral medium with gentisate or 3-
hydroxybenzoate as carbon sources, but not mshC and mshD mutants. Based on 
cloning, over-expression and purification of Ncg12918 from E.coli, Feng et al. (2006) 
reported that mycothiol is acting as a cofactor in a reaction catalyzed by 
maleylpyruvate isomerase (Ncgl2918) in C. glutamicum. The nagR, which encodes a 
LysR-type transcriptional regulator, is identified to be divergently transcribed upstream 
of the nag catabolic genes in Ralstonia sp. strain U2 (Jones et al., 2003). 
Transcriptional fusion studies demonstrated that NagR regulates the expression of the 
nag operon positively in the presence of salicylate and to a lesser extent in the presence 
of 2-nitrobenzoate. Mutation of the LysR-type activator-binding motif in the nag 
promoter-proximal region resulted in a loss of inducibility of a lacZ reporter gene 
transcriptionally fused to nagAa, the first gene of the operon.  
Functional genomics techniques can be used to clone and overexpress an enzyme or a 
series of enzymes. If the level of an enzyme increases, then the rate of catalysis will 
significantly increase. This brings an increased rate of degradation of the aromatic 
hydrocarbons. For example, toluene monooxygenase, which can degrade 
trichloroethylene (TCE) and phenol, has been cloned under the control of E.coli 
starvation promoters, such as PcstC or PgroEL. A recombinant E.coli carrying starvation 
promoters and toluene monoxygenase could selectively enrich expression of phenol- 
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and TCE- degrading activity during growth (Martin et al., 1995). Besides, one can also 
apply site directed mutagenesis to improve the catalytic efficiency of the enzymes (Tan 
et al., 2005). Degradation rate can be increased significantly with enzymes having 
desirable catalytic activities and enzymes with broad substrate specificities can attack 
and degrade halogenated benzoates and gentisates (Parales et al., 2004; Tan et al., 
2005).   
 
1.5   Proteomics, origins, growth and application 
The term “proteomics” was first coined in 1995 and was defined as the large-scale 
characterization of the entire protein complement (Anderson, 1996; Wasinger et al., 
1995; Wilkins et al., 1995). The goal of proteomics is to obtain a more global and 
integrated view of biology by studying all the proteins of a cell rather than each one 
individually.  
Many different areas of research are now grouped under the rubric of proteomics. 
These studies include protein-protein interactions, protein modifications, protein 
functions and protein localizations (Fig. 1.4). These ambitious goals will certainly 
require the involvement of a large number of different disciplines such as molecular 
biology, biochemistry, and bioinformatics. 
The first protein studies that can be called proteomics began in 1975 with the 
introduction of the 2D gel by O’Farrell, Klose, and Scheele (O’Farrell, 1975; Klose, 
1975; Scheele, 1975). Although many proteins could be separated and visualized, they 











































Fig. 1.4   Proteomics and their applications to biology (Adapted from Graves and Haystead, 2002) 
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Although the development of 2-DE was a major step forward, the science of 
proteomics would have to wait until the proteins displayed by 2-D could be identified. 
One problem that had to be overcome was the lack of sensitive protein sequencing 
technology. Improving sensitivity was critical for success as both 1-D and 2-D gels 
have limits in protein loading capacity. The first major technology to emerge for the 
identification of proteins was the sequencing of proteins by Edman degradation 
(Edman, 1949). A major breakthrough was the development of micro-sequencing 
techniques for electro-blotted proteins (Aebersold et al., 1986, 1987 and 1988). This 
technique was used for the identification of proteins from 2-D gels to create the first 2-
D databases (Celis et al., 1987). Improvements in micro-sequencing technology 
resulted in increased sensitivity of Edman sequencing in the 1990s to high-picomole 
amounts (Aebersold et al., 1987). 
One of the most important developments in protein identification has been the 
development of mass spectrometry (MS) technology (Andersen & Mann, 2000). In the 
last decade, the sensitivity of analysis and accuracy of protein identification by MS 
have been increased by several orders of magnitude (Anderson & Mann, 2000; Pandey 
& Mann, 2000). It is now estimated that proteins in the femto-molar range can be 
identified in gels. Because MS is more sensitive, can tolerate protein mixtures and is 
amenable to high-throughput operations, it has essentially replaced Edman sequencing 
as the tool of choice for protein identification. 
The growth of proteomics is a direct result of advances made in large-scale nucleotide 
sequencing of expressed sequence tags and genomic DNA. Without this information, 
proteins could not be identified even with the improvements made in MS. Protein 
identification (by MS or Edman sequencing) relies on the presence of some form of 
database for the given organism (Pandey & Lewitter, 1999; Shevchenko et al., 1996). 
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The majority of DNA and protein sequence information has accumulated within the 
last 5 to 10 years (Broder & Venter, 2000). In 1995, the first complete genome of an 
organism was sequenced, that of Haemophilus influenzae (Fleischmann et al., 1995). 
At the time of writing (1/2006), sequencing of the genomes of 312 microorganisms has 
been completed (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi).  
Recent advances in functional genomics studies have facilitated understanding of 
global metabolic and regulatory alterations caused by genotypic and/or environmental 
changes. DNA microarray has proven to be a successful tool for monitoring whole-
genomewide expression profiles at the mRNA level. Similarly, proteomics can be 
employed to compare changes in the expression levels of many proteins under 
particular genetic and environmental conditions. Unlike transcriptomics, which focuses 
on gene expression, proteomics examines the levels of proteins and their changes in 
response to different genotypes and conditions. The studies on proteomes under well-
defined conditions can provide a better understanding of complex biological processes 
and may allow inference of unknown protein functions. Most of all, proteomic 
approaches provide information about posttranslational modifications which cannot be 
obtained from mRNA expression profiles; these approaches have proven critical to our 
understanding of proper physiological protein function, translocation, and subcellular 
localization. 
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1.6   Technology of proteomics 
An integral part of the growth of proteomics has been in the advances made in protein 
technologies. A typical proteomics experiment (such as protein expression profiling) 
can be broken down into the following categories: (i) the separation and isolation of 
proteins from a cell line, tissue, or organism; (ii) the acquisition of peptides and amino 
sequences for the purposes of protein identification and characterization; and (iii) 
database utilization. 
 
1.6.1   Separation and isolation of proteins 
By the very definition of proteomics, it is inevitable that complex protein mixtures will 
be encountered. Therefore, methods must exist to resolve these protein mixtures into 
their individual components so that the proteins can be visualized, identified, and 
characterized. The predominant technology for protein separation and isolation is 
polyacrylamide gel electrophoresis. In many applications, protein electrophoresis (1- or 
2-DE) still remains an essential component of proteomics.  
 
1.6.1.1   Two-dimensional gel electrophoresis 
Two-dimensional electrophoresis (2-D electrophoresis) is a powerful and widely used 
method for the analysis of complex protein mixtures extracted from cells, tissues, or 
other biological samples. This technique sorts proteins according to two independent 
properties in two discrete steps: the first-dimension involves isoelectric focusing (IEF) 
which separates proteins according to their isoelectric points (pI); while the second-
dimension step, SDS-polyacrylamide gel electrophoresis (SDS-PAGE), separates 
proteins according to their molecular weights (MW). Each spot in the 2D-PAGE gel 
corresponds to a single protein species in the sample. Thousands of different proteins 
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can thus be separated, and information such as the pI, the apparent molecular weight, 
and the amount of each protein is obtained. 
The power of 2-D electrophoresis as a biochemical separation technique has been 
recognized virtually since its introduction. Its application, however, has become 
significant only in the past few years as a result of a number of developments. 
z The 2-D technique has been improved to generate 2-D maps that are superior in 
terms of resolution and reproducibility. This new 2-D technique, developed by A. 
Gorg and colleagues (Gorg et al., 1985; Gorg et al., 1988), utilizes an improved 
first-dimension separation method that replaces the carrier ampholyte-generated pH 
gradients with immobilized pH gradients (IPG) and replaces the tube gels with gel 
strips supported by a plastic film backing.  
z Methods for the rapid analysis of proteins have been improved to the point that 
single spots eluted or transferred from single 2-D gels can be rapidly identified. 
Mass spectroscopic techniques have been developed that allow analysis of very 
small quantities of peptides and proteins. Chemical micro-sequencing and amino 
acid analysis can be performed on increasingly smaller samples. Immunochemical 
identification is now possible with a wide assortment of available antibodies. 
z More-powerful, less expensive computers and softwares are now available, 
allowing routine computerized evaluations of the highly complex 2-D patterns. 
z Data about entire genomes (or substantial fractions thereof) for a number of 
organisms are now available, allowing rapid identification of the gene encoding a 
protein separated by 2-D electrophoresis.  
z The World Wide Web provides simple, direct access to spot pattern databases for 
the comparison of electrophoresis data and to genome sequence databases for 
assignment of sequence information. 
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A large and growing application of 2-D electrophoresis is "proteome analysis." 
Proteome analysis is "the analysis of the PROTEin complement expressed by a 
genOME" (Wilkins et al., 1996; Pennington et al., 1997). The analysis involves the 
systematic separation, identification, and quantification of many proteins simultaneously 
from a single sample. 2-D electrophoresis is used in this application due to its 
unparalleled ability to separate thousands of proteins. 2-D electrophoresis is also unique 
in its ability to detect post- and co-translational modifications which cannot be predicted 
from the genome sequence. 
The 2-D process begins with sample preparation. Proper sample preparation is 
absolutely essential for good 2-D resolution. The next step in the 2-D process is IPG 
strip rehydration. IPG strips are provided dry and must be rehydrated with the 
appropriate additives prior to IEF. First-dimension IEF is performed on a flatbed system 
at very high voltages with active temperature control. Next, strip equilibration in SDS-
containing buffer prepares the sample for the second-dimension separation. Following 
equilibration, the strip is placed on the second-dimension gel for SDS-PAGE. The final 
steps are visualization and analysis of the resultant two-dimensional array of spots. In 
summary, the experimental sequence for 2-D electrophoresis is: 
1. Sample preparation 
2. IPG strip rehydration 
3. IEF 






1.6.2   Acquisition of protein information 
1.6.2.1   Mass spectrometry (MS) 
MS enables information such as peptide masses or amino acid sequences to be obtained. 
This information can be used to identify the protein by searching protein databases. It 
also can be used to determine the type and location of protein modifications. The 
harvesting of protein information by MS can be divided into three stages: (i) sample 
preparation, (ii) sample ionization, and (iii) mass analysis. 
 
1.6.2.2   Database Utilization 
Databases allow protein information harvested from Edman sequencing or MS to be 
used for protein identification. The goal of database searching is to be able to quickly 
and accurately identify large numbers of proteins (Quadroni & James, 1999). The 
success of database searching depends on the quality of the data obtained in the mass 
spectrometer, the quality of the database searched and the method used to search the 
database.  
A variety of tools for database searching now exist on the World Wide Web (Table 1.2). 
The ExPASy server provides a variety of tools for proteomics and programs for protein 
identification (Wilkins et al., 1999). In this study, we identified protein spots by using 
various database mining strategies consecutively. Profound, MS-Fit, MASCOT and 















Table 1.2   World Wide Web tools for searching databases with protein 




URL Information available 




Peptide mass mapping 
and sequencing 
PeptIdent http://www.expasy.ch/tools/peptident. Peptide mass mapping 
and sequencing 
PepSea http://195.41.108.38/PepSeaIntro.html Peptide mass mapping 
and sequencing 
MASCOT http://www.matrixscience.com/ Peptide mass mapping 
and sequencing 




http://prospector.ucsf.edu/ Peptide mass mapping 
and sequencing 
MSBLAST http://dove.embl-heidelberg.de/Blast2/ Peptide mass mapping 
and sequencing 
FindMod http://www.expasy.ch/tools/findmod/ Posttranslational 
modification 
SEAQUEST http://fields.scripps.edu/sequest/ Uninterpreted MS/MS 
searching 









   
 
Adapted from Graves, P. R. and Haystead, T. A. 2002. Molecular biologist's guide to 







1.7 Functional Proteomics 
Functional proteomics is defined as the use of proteomics methods to monitor and 
analyze the spatial and temporal properties of the molecular networks and fluxes 
involved in living cells. Conversely, functional proteomics is also the use of proteomics 
methods to identify the molecular species that participate in such networks via 
functional stimulation, perturbation, or isolation of these networks (Blackstock and Weir, 
1999; Pandey & Mann, 2000; Yates, 2000).  Functional proteomics is characterized by 
the explicit usage of the functional properties of cells under in vivo conditions to select 
experimental objectives and to shape the analytical goals and methods. 
 
1.7.1 The use of proteome analysis in the study of aromatic hydrocarbons 
degradation 
Bacteria use a wide variety of organic compounds as carbon and energy sources. Apart 
from biogenic compounds, a few bacterial species are able to attack xenobiotics. 
However, their value in bioremediation processes is often limited by the slow 
conversion rates, which can be affected by unfavorable environmental conditions like 
adverse temperatures, nutrient deficiencies and lack of electron acceptors, as well as by 
the toxic effects of xenobiotics. Different xenobiotics have been shown to have 
deleterious effects on numerous sites within cells. Depending on their physical and 
chemical properties, different xenobiotics have been shown to increase membrane 
fluidity (Isken and Bont, 1998), decrease ATP-synthesis (Loffhagen et al., 1997), and 
modify or denature biomolecules in bacteria (Tamarit et al., 1998). Several types of 
responses, like changing the composition of membrane lipids (Loffhagen et al., 1995), 
modifying the hydrophobicity of the cell surface (Isken and Bont, 1998), and increasing 
the levels of specific proteins, appear to increase the stability of the cells (Visick and 
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Clarke, 1995). Analysis of bacterial responses to various aromatic hydrocarbon 
compounds by proteomics has demonstrated that the induced proteins included various 
peptides with known and unknown functions, together with various stress proteins 
associated with responses to heat shock, oxidative stress, osmotic shock and starvation 
(VanBogelen et al., 1987; Blom et al., 1992). Recent work by Pedro et al. (2004) 
showed that proteins up-regulated in phenol-grown Pseudomonas putida KT2440 
included those involved in: (i) oxidative stress response (AhpC, SodB,Tpx and Dsb); (ii) 
general stress reponse (UspA, HtpG, GrpE and Tig); (iii) energetic metabolism (AcnB, 
AtpH, Fpr, AceA, NuoE, and MmsA-1); (iv) fatty acid biosynthesis (FabB, AccC-1 and 
FabBx1); (v) inhibition of cell division (MinD); (vi) cell envelope biosynthesis (LpxC, 
VacJ, and MurA); (vii) transcription regulation (OmpR and Fur); and (viii) transport of 
small molecules (TolC, BraC, AotJ, AapJ, FbpA and OprQ).  The information emerging 
from this genome expression profiling and the detailed investigation of the biological 
role of candidate genes, as targets of phenol toxicity or as determinants of phenol 
resistance in P. putida KT2440, will allow more rationale strategies for developing 
bacteria with greater solvent tolerance with impact in bioremediation and whole-cell 
biotransformations in media with organic solvents. 
Proteome analysis of bacteria involved in aromatic hydrocarbon degradation would 
enable us to understand how bacteria react to the presence of toxic aromatic 
hydrocarbon substrates. Aromatic degradation in bacteria is a complex phenomenon 
involving not only catabolic enzymes but also several auxiliary proteins, such as heat 
shock proteins and membrane proteins. Proteomic analysis of the response of 
microorganisms to aromatic hydrocarbon induced stress can provide a more global view 
of the mechanisms involved in adaptive responses to chemicals than established toxicity 
tests. The identification of the proteins involved can help to elucidate mechanisms of 
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defense, detoxification and adaptation. Recently, Benndorf and Babel (2002) performed 
proteome analysis of Delftia acidovorans MC1 exposed to 2,4-
dichlorophenoxypropionic acid, its metabolites 2,4-dichlorophenol and 3,5-
dichlorocatechol during growth on pyruvate as a source of carbon and energy. Induction 
of two chlorocatechol 1,2-dioxygenases was reported, but induction of GroEL, DnaK 
and AhpC proteins that were generally referred to as markers for heat shock and 
oxidative stress responses was not observed. Similar work by Kim et al. (2003) using 
proteomic analysis of benzoate degradation in Acinetobacter sp. KS-1 identified two 
benzoate-degrading enzymes (catechol 1,2-dioxygenase and β-ketoadipate succinyl-
CoA transferase).  
Ramos et al. (2002) in his review suggested that a number of elements were involved in 
the response to these toxic chemicals: (a) metabolism of toxic hydrocarbons, which can 
contribute to their transformation into nontoxic compounds; (b) rigidification of the cell 
membrane via alteration of the phospholipid composition; (c) alterations in the cell 
surface that make the cells less permeable; (d) efflux of the toxic compound in an 
energy-dependent process; and (e) formation of vesicles that remove the solvent from 
the cell surface. A more recent proteomic analysis revealed that the proteins participated 
in the response of Pseudomonas putida DOT-T1E to toluene can be classified into four 
categories: 1) proteins involved in the catabolism of toluene; 2) proteins involved in the 
channeling of metabolic intermediates to the Krebs cycle and activation of purine 
biosynthesis; 3) proteins involved in sugar transport; 4) stress-related proteins (Segura et 
al., 2005). 
Thus, 2- DE is a powerful tool for investigating the mechanisms employed by bacteria 
to degrade aromatic hydrocarbons and the associated physiological responses. Since 2-
DE displays all bacterial soluble proteins expressed at specific culture conditions, it 
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provides an understanding of the transport proteins involved and the enzymes employed 
by microorganisms to degrade aromatic hydrocarbons. The proteomic approach 
overcomes the tedious classical approach involved in gaining an understanding of the 
pathway and enzymes employed in degradation of aromatic hydrocarbons. However, 
proteomic tools have only been used to study the degradation of aromatic hydrocarbons 
in a few bacterial species, such as Acinetobacter radioresistens, Acinetobacter lwoffii 
K24, Pseudomonas sp. K82 (Kim et al., 2003) and Pseudomonas putida KT2440 (Lupi 
et al., 1995). To our knowledge, application of the proteomics technology for protein 
analysis in the field of environmental biotechnology is still in its infancy and proteomics 
of degradative bacteria is potentially novel. This knowledge, hitherto unavailable, would 
enable us to potentially enhance the degradative capability of microorganisms for use in 
bioremediation of toxic pollutants from our environment. The importance of studying 
the degradative pathways by which bacteria catabolize aromatic compounds is evident if 
we consider the environmental pollution of soil and water caused by agricultural and 
industrial activities, or by accidental contamination with fuels, oils and solvents.  
The ability of a microorganism to degrade a certain aromatic hydrocarbon can be 
evaluated by performing analysis of the total proteome from cells grown in the presence 
of an aromatic hydrocarbon. Presence of regulatory protein(s) controlling the synthesis 
of degradative enzymes and the presence of the key degradative enzymes will indicate 
the capability of the bacterium to degrade the aromatic hydrocarbon. 
 
1.7.2 The use of proteome analysis in the study of stress response 
In the case of unicellular organisms, a variety of changes in cellular environment (e.g., 
heat shock, cold shock, available nutrients) have been used to induce changes in the 
extant proteome. The first recognition of the molecular richness of the bacterial heat-
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shock response took place with the introduction, in 1975, of high-resolution two-
dimensional polyacrylamide gels (2D-PAGE gels) to resolve complex mixtures of 
cellular proteins (O’Farrell, 1975). This technology introduced a phase shift in the study 
of bacterial physiology by setting up a new basic experimental approach (Neidhardt & 
VanBogelen, 2000).  
It has become clear now that, in addition to the regulation of the expression of specific 
genes, there are global regulatory systems that control the simultaneous expression of a 
large number of genes in response to a variety of environmental stresses. The first of 
these global control systems, and of substantial importance, is the heat-shock response. 
The first studies of a bacterial heat-shock response with 2D gels compared the 
proteomes of E. coli grown at 28 or 37°C in a rotary incubator shaker with the 
proteomes after the culture flask was transferred to an incubator shaker at 42°C or 50°C 
(Neidhardt et al., 1981; VanBogelen et al., 1987). These experiments led to an 
understanding of the extent of the heat shock response. Later, similar studies were 
performed in other bacteria (e.g., B. subtilis, B. Japonicum, Brucella melitensis, A. 
tumefaciens, and Vibrio sp. strain S14) to determine which proteins are involved in the 
heat-shock response, and how many of them are induced under more than one stress 
condition (Richter & Hecker, 1986; Bernhardt et al., 1997). The stress proteins induced 
under the various stress conditions can overlap with each other to different extents. So 
far, only a small number of bacterial heat-shock proteomes were defined with the 2D 
approach.  
The heat-shock response is characterized by the induction of a large set of proteins 
(heatshock proteins - Hsps) upon shifts to higher temperature and upon exposure to 
conditions in which proteins are denatured (for example, to alcohols and heavy metals). 
Perturbations such as exposure of living cells to toxic aromatic hydrocarbons and stress 
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conditions readily produce in vivo cell responses which are amenable to proteomic 
analyses, and we therefore consider them to be amongst the early examples of functional 
proteomics. A by-product of this functional proteome analysis is the identification of 
many heat-shock proteins (Hsps) that are induced in response to various stimulons 
(Chen et al., 2000; Monahan et al., 2001; Giard et al., 2002). Recent examples of this 
approach include studies of sulfate starvation in Pseudomonas aeruginosa (Quadroni et 
al., 1999), heat shock protein expression in Bradyrhizobium japonicum (Munchbach et 
al., 1999), acid and base regulation in Escherichia coli (Slonczewski & Blankenhorn, 
1999), analysis of proteins in the symbiont Bradyrhizobium japonicum (Munchbach et 
al., 1999; Dainese-Hatt et al., 1999), and hypochlorous acid stress in Escherichia coli 
(Dukan et al., 1998). 
The heat-shock response is universal and many of the heat-shock proteins are highly 
conserved among species. One of the main inputs of this kind of proteomic analysis of 
stress response in a large number of micro-organisms is the possibility to gain an 
understanding of the role of chaperones under stress conditions. In bacteria, the heat-
shock response has been studied extensively in several Gram-positive bacteria (Bacillus 
subtilis) and Gram-negative bacteria (for example, Escherichia coli, Agrobacterium 
tumefaciens). A proteome analysis of the expression of Hsps in Bradyrhizobium 
japonicum when the growth temperature was up-shifted from 28 °C to 43 °C identified 
the induction of DnaK, four GroESL family proteins and six sHsp (Munchbach et al., 
1999). In E. coli, proteins IbpA/B (small HSPs), GroEL (HSP60), DnaK (HSP70), and 
ClpB (HSP100) (eukaryotic chaperones in parentheses) were found to be the major 
components of a sophisticated network of “holding” and “folding” chaperones that 
cooperate to prevente protein aggregation during heat stress and promoting protein 
disaggregation and refolding after the stress (Buchner, 1996). A recent proteome-wide 
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analysis of chaperonin-dependent protein folding in Escherichia coli work by Kerner et 
al. (2005) revealed approximately 250 different proteins interacted with GroEL, but 
some of these could utilize either GroEL or the upstream chaperones trigger factor (TF) 
and DnaK for folding. 
Recently, the understanding of the contribution made by the synthesis or the 
overexpression of Hsps in bacteria to resist against harsh environmental conditions has 
been advanced by several proteomic studies on bacteria like Pseudomonas putida 
KT2440 (Lupi et al., 1995), Methylocystic sp. (Uchiyama et al., 1999), and 
Burkholderia sp. (Cho et al., 2000). Santos et al. (2005) showed that a large number of 
phenol-induced stress proteins in Pseudomonas putida KT2440 were antioxidants, heat 
shock proteins and chaperones, such as  oxidative stress response proteins (AhpC, 
SodB,Tpx and Dsb) and general stress reponse proteins (UspA, HtpG, GrpE and Tig). 
Proteomic analysis of toluene-grown Pseudomonas putida DOT-T1E also revealed the 
participation of four stress-related proteins such as the heat shock protein GroES, cold 
shock protein CspA2, translational elongation factor EF-Tu-1 and the xenobiotic 
reductase (XenA) (Segura et al., 2005) and the role of CspA, XenA, and Tuf-1 in 
solvent tolerance in Pseudomonas were proven by knockout experiments. The set of 
four stress-related proteins suggested that toluene imposes a stress response situation, 
which is in agreement with its toxic character. Thus, analysis following exposure of 
bacteria to stress-inducing conditions or to toxic pollutants can enable identification of 
the stress proteins that are involved in catabolism of these environmental pollutants. 
Another advantage of using 2D gels to analyze heat shock proteomes is the ability to 
resolve post-translational modified proteins from their non-modified forms. Post-
translational modified proteins will usually appear as separate spots from the non-
modified forms (Bernhardt et al., 1997; Buttner et al., 2001; Rosen et al., 2002). The 
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separation of a population of a singular protein can be the basis to study the role of  
specific modification in the protein activity. It is possible to identify post-translational 
modifications in proteins obtained from 2D gels with ESI-Q-TOF MS-MS, although it 
requires the collection of protein spots from a large number of parallel gels. The large 
number of regulated post-translational modifications that appear in response to various 
stress conditions suggests that these modifications have an important biological role, 
probably in regulating protein activity. These modifications will undoubtedly become an 
interesting research area. 
Two-dimensional gel electrophoresis is a powerful tool to define stimulons and regulons. 
Using quantitative visualization methods, such as Coomassie Brilliant Blue, or Sypro 
ruby, or radiolabeling combined with autoradiography, it is possible to determine rates 
of protein synthesis, protein stability, and relative amounts of individual proteins. Thus, 
it is possible in a single experiment to characterize the stimuli and to determine the 
decrease in the expression level or synthesis rate of other proteins. However, proteomic 
tools were used to study the heat-shock response in only a few bacterial species, notably, 
B. subtilis and E. coli (Neidhardt and VanBogelen, 2000).  
 
1.7.3 Proteomic analysis of the role of sigma factor 54 in the regulation of aromatic 
hydrocarbon degradative pathways. 
Pseudomonas alcaligenes NCIMB 9867 (strain P25X) is a soil bacterium that is capable 
of degrading xylenols and cresols via the gentisate pathway, one of the three main 
pathways in aromatic degradation. The bacterial degradation of aromatic hydrocarbons 
involves complex regulatory circuits. Some of these regulatory circuits utilize different 
σ factors. The different σ factors can be grouped into two classes, based on structural 
and functional criteria. One of which is the σ70 class and the other is the σ54 class. The 
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σ54 subunit in P25X (also known as RpoN) encoded by the rpoN gene is unique in that it 
shares no detectable homology with any of the other known sigma factors. In bacteria, 
the sigma (σ) subunit is required for promoter recognition and initiation of transcription 
(Cross et al., 1998). The initiation of transcription is a complex process involving a 
multitude of steps. These steps are all potential control points for the regulation of gene 
expression, and may have been exploited by bacteria for sophisticated regulatory 
mechanisms that allow the cell to adapt to changing environmental conditions.  
To gain insight into the global mechanism underlying σ54 regulation in bacteria in 
response to aromatic hydrocarbon induction, we employed proteomic analysis which is 
ideally suited for this kind of investigation. However, there is not much effort of 
applying the proteomic approach to investigate the function of σ54 was put into this field 
and proteomic studies of the role of sigma factors were published mostly using 
Escherichia coli and Bacillus subtilis as model systems so far. Proteome studies of a 
sigma factor in a SigI mutant strain of B. subtilis revealed a reduced amount of GsiB 
protein in the mutant under heat shock conditions (Zuber et al., 2001). A recent 
proteomic analysis with protein extracts from sigmaB-overproducing B. cereus strain 
revealed sigmaB-dependent genes involved in not only the stress response but also some 
specific metabolic rearrangements (van Schaik et al., 2004). Another proteomic analysis 
of a sigma 70 deficient E.coli strain showed that genes encoding the protein-
synthesizing system are especially sensitive to reduced availability of sigma 70 
programmed RNA polymerase (Magnusson et al., 2003).  
Thus, our work is among the few applications of proteomic approach to investigate the 
function of sigma 54 factor from P. alcaligenes P25X in response to aromatic 
hydrocarbon induction. The ability of proteomic analysis to detect differences in the 
level of individual proteins being expressed when samples were subjected to specific 
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treatments could reveal new aspects of the biological roles of σ54. The results obtained 
will help us to set up a database of σ54 dependent genes that are involved in the 
degradation of toxic aromatic hydrocarbon pollutants from the environment.  
 
1.7.3.1 Pathway-specific transcriptional regulation 
Although the most promising approach for treating the polluted environment is through 
bioremediation which is dependent on the catabolic functions of microorganisms, many 
of the environmental pollutants, such as aromatic compounds, are recalcitrant to 
degradation by most organisms. The success of operation of a particular catabolic 
pathway depends on two major elements: the catabolic enzymes leading to 
mineralization of the compound; and the regulatory elements (de Lorenzo and Pérez-
Martín, 1996) (Fig. 1.5). Regulatory proteins and regulated promoters are the key 
elements that control the transcription of catabolic operons to assure an adequate 
metabolic return when a particular substrate serves as the nutrient source. Nevertheless, 
transcription is not just dependent on the performance of the specific regulator that 
responds to a given signal, it also relies on overimposed mechanisms that connect the 
activity of individual promoters to the metabolic and energetic status of the cell (Cases 












Fig 1.5 Scheme of the two levels of transcriptional regulation of aromatic catabolic 
pathways in bacteria. The regulator–promoter couple is the key element of the 
pathway-specific regulation. The regulator binds to the operator region of the cognate 
catabolic promoter and, in the presence of the inducer molecule, leads to the expression 
of the catabolic genes encoding the enzymes that transform the aromatic compound into 
tricarboxylic acid (TCA) cycle intermediates. The inducer molecule can be the pathway 
substrate and/or a pathway intermediate; some structural analogues of the natural 
effector (gratuitous inducer) can also induce the pathway although they may not 
themselves be a substrate for the corresponding catabolic enzymes. The regulator may 
act as a transcriptional activator in the presence of the inducer, or as a transcriptional 
repressor in the absence of the inducer. A second level of transcriptional control, the 
overimposed regulation, adjusts the particular transcriptional output of the catabolic 
promoter to the physiological status of the cell. This regulation is mediated by global 
regulatory factors, such as the integration host factor (IHF), cAMP receptor protein 
(CRP), alternative sigma factors (s), the PtsN (IIANtr) protein and the alarmone 
(p)ppGpp, that interact with different targets (cis-acting elements, regulatory proteins) in 
the transcription machinery. TCA cycle compounds may control the transcriptional flow 
by acting directly as anti-inducers of the specific regulator protein or by determining the 
energy status of the cell that governs the overimposed regulation (Adapted from Diaz 




A great variety of regulatory proteins belonging to different families of prokaryotic 
transcriptional regulators were found to control the expression of aromatic catabolic 
pathways. Despite their great divergence in evolutionary origins, most of these 
regulators are transcriptional activators that interact with the target DNA through a 
helix-turn-helix (HTH) DNA-binding motif, and induce transcription initiation by 
interacting with the aromatic substrate, or with a pathway intermediate, which serves as 
an inducer molecule and provides regulatory specificity (Fig. 1.5). Catabolic promoters 
possess a remarkable level of non-specificity responses to the signals. This character 
allows them to evolve and to be recruited to control novel pathways. Another common 
feature is the existence of regulatory cascades that assure selective activation of genes at 
different points in the pathway, and avoid expression of unnecessary peripheral routes 
that feed at different levels into the same central pathway (catabolon) (de Lorenzo and 
Pérez-Martín, 1996; Parsek et al., 1996 ) 
 
1.7.3.2 Sigma factor 54 - a global regulator 
The σ54 protein, encoded by the rpoN gene, was demonstrated to be a σ factor by 
biochemical studies, and has no apparent homology to other bacterial σ factors. They 
are distinguished by their apparent inability to form an open promoter complex in the 
absence of activator proteins (Cross et al., 1998).  
Surveys of σ54 -dependent genes from a variety of microorganisms suggest that σ54 
dependent promoters control expression of genes with very dissimilar functions (Buck 
et al., 2000). The RpoN σ factor is required not only for the regulation of nitrogen 
metabolism, but also for the activation of other metabolic functions. In E. coli, 
expression of the fdhF gene, which encodes anaerobically inducible formate hydrogen 
lyase, has been shown to be dependent on the RpoN protein (Birkmann et al., 1987). 
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Expression of the gene for the orthologue of dicarboxylate transporter Dct is known to 
be RpoN dependent in several bacteria, such as Rhizobium meliloti or Rhizobium 
leguminosarum (Ronson et al., 1987). There is some evidence that the expression of 
flagellar genes in Caulobacter crescentus is RpoN dependent (Minnich et al., 1987). 
The TOL plasmid pWWO in Pseudomonas putida, encoding the xyl genes determining 
enzymes for biodegradation of tolunene, m-xylene and p-xylene, bears two well 
characterized RpoN σ factor dependent promoters: Pu and Ps (Marques and Ramos, 
1993). These observations suggest that the physiological function of the RpoN σ factor 
is not limited to the nitrogen regulatory system. With the arrival of complete genome 
sequences and aided by computational analysis, Cases et al. (2003) recently developed a 
new computer program, GenomeMatScan which predicted 46 σ54 promoters in the 
P.putida KT2440 genome. The 46 highly confident predictions can be classified into: 
those that are related with flagella synthesis (9 in total); those that lead to the expression 
of nitrogen metabolism (18 in total); those that drive the transcription of carbon 
metabolism related functions (9 in total); and the remaining 10 promoters are in front of 
genes either not included in the previous categories or without a reliable functional 
assignment (Lldefonso et al., 2003). 
 
1.7.3.3 Transcription mediated by sigma factor 54 
Functioning of σ54 strictly requires the participation of an activator protein (Buck et al., 
2000) which binds to specific sequences (upstream activating sequences or UAS) 
located in a relatively remote position from the transcription start site (Fig. 1.6). 
Because of the reminiscence to factors which bind eukaryotic promoters, σ54-dependent 











Fig. 1.6 General organization of rpoN-dependent promoters and cognate activators. 
The distribution of relevant DNA sequences is shown on top. These include the 
upstream activating sequences (UAS) which are the target of the prokaryotic enhancer 
binding proteins (EBPs, activators working in concert with σ54-RNAP) and the-12/-24 
region bound by σ54-RNAP itself. Protein sizes are symbolic. The number of activator 
monomers at the UAS is uncertain, it may range 4–8 units (most probably three dimers). 
Bottom, domain organization of σ54-related EBPs. Relevant portions of the proteins 
include the signal reception, N-terminal A domain, the central (C) module involved in 
NTP binding, and the D domain at the C-terminus, with a helix–turn–helix (HTH) motif 
for DNA binding. The A and C modules are connected by a linker B domain (Adapted 









These EBPs are often described as members of the NtrC class of transcriptional 
regulators. Transcription activation by NtrC regulators involves a complex mechanism 
which includes the hydrolysis of ATP as its key step (Zhang et al., 2002). The σ54-RNAP 
holoenzyme forms a stable complex with the –12 and –24 promoter but is unable to start 
transcription without further activation (Buck & Cannon, 1992; Popham et al., 1989; 
Sasse-Dwight and Gralla, 1988). Isomerization to the open complex is strongly 
stimulated by EBPs. In addition, the intervening DNA region between the activator 
binding site and the σ54 binding site has to be bent in order to place the two protein 
complexes in contact. In some cases, this bending can be assisted by a nucleoid-
associated protein, such as the IHF (Hoover et al., 1990; Pérez-Martín and de Lorenzo, 
1995). 
 
1.7.3.4 NtrC-type transcriptional regulators involved in catabolic pathways 
Regulation of aromatic-compound degradation is very often mediated by NtrC-type 
regulators. The best-studied examples of these are the XylR and the DmpR proteins 
from P. putida. For this reason, the specific subclass of NtrC-type regulatory proteins 
which act on promoters from catabolic pathways is often referred to as the XylR/DmpR 
subclass. XylR from P. putida mt-2 is one of the two main regulatory proteins for the 
xylene and toluene degradation pathway encoded on the TOL plasmid (the other being 
XylS) (Ramos et al., 1997). XylR is responsive to chemical effectors such as m- and p-
xylene, which are the substrates for the upper meta pathway. XylR in combination with 
σ54-RNAP triggers expression from the Pu promoter (in front of the xylU gene) and from 
the Ps promoter, driving expression from xylS as well (Abril et al., 1989; Dixon, 1986; 
Inouye et al., 1987). The gene for XylR itself is located downstream of the upper meta-
cleavage pathway operon and the xylS. In addition to being a transcriptional activator, 
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XylR represses its own expression. Under inducing conditions, autorepression of xylR 
increases (Bertoni et al., 1998; Marqués et al., 1998). The reason for the autorepression 
seems to lie in the fact that the xylR promoter and the XylR binding sites in the 
intergenic regions for xylS and xylR overlap, which may prevent σ70-RNAP binding to 
the xylR promoter.  
The other very extensively studied NtrC-type transcriptional regulator involved in the 
degradation of aromatic compounds is DmpR. DmpR regulates expression from the Po 
promoter which drives transcription from one single large operon for phenol degradation 
(dmpKLMNOPQBCDEFGHI) which is present on the pVI150 plasmid in Pseudomonas 
sp. strain CF600 (Shingler et al., 1993). The dmpR gene itself is located directly 
upstream of and is divergently oriented from dmpK. A large number of highly similar 
regulators to DmpR have been found, which all control phenol degradation operons  
(Arai et al., 1998; Müller et al., 1996; Ng et al., 1995).  
The types of chemical effectors and cofactors required for XylR/DmpR-mediated 
activation have been very well studied. XylR/DmpR-like activators require a chemical 
effector and ATP as the cofactor. The effector is usually the primary substrate of the 
target pathway or a compound related to this. Both XylR and DmpR hydrolyze ATP, 
which is essential for activation (Pérez-Martín and Lorenzo, 1996; Wikström et al., 
2001). In addition, XylR can hydrolyze GTP, whereas DmpR only binds to but does not 
hydrolyze GTP, CTP, and UTP (Wikström et al., 2001). Some aromatic compounds such 
as 2,4-dimethylphenol and 4-ethylphenol can bind DmpR and activate ATP hydrolysis 
without triggering transcription activation (unproductive effectors). Unproductive 
effectors can also act as competitive inhibitors for productive effectors (i.e., those which 
lead to transcription activation) (O'Neill et al., 1999). For example, 3-nitrotoluene can 
bind XylR without mediating activation (Garmendia et al., 2001; Salto et al., 1998).  
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1.7.3.5 Role of sigma factor 54 in aromatic hydrocarbon catabolism  
The environment presents a rich variety of organic compounds but is increasingly 
polluted by the introduction of novel industrial xenobiotic chemicals. The enterprising 
microbial world has evolved in such a way to be able to profit maximally from the 
availability of this wide range of potential growth substrates: it possesses an extremely 
varied arsenal of catabolic enzymes which can attack these molecules. Pseudomonas 
species are known to metabolize a broad range of aromatic hydrocarbons and some are 
reported to have a natural competence for transformation (Harayama and Timmis, 1989). 
Moreover, it has been shown in P. alcaligenes P25X that it is possible to insert 
heterologous DNA fragments into specific sites by providing flanking homologous 
DNA sequences, which allows the manipulation of the P25X genome (Kwong et al., 
2000). Therefore, Pseudomonas alcaligenes is an ideal choice as the bacteria to be used 
for environmental detoxification.  
The ability to catabolize aromatic hydrocarbons is nonessential, serving only to confer 
an advantage to the host bacterium under conditions where aromatic compounds are 
readily available. Therefore, retention of these catabolic systems is only truly 
advantageous if their usefulness does not compromise the host fitness under certain 
conditions. Thus, aromatic catabolic systems have been found to be tightly regulated in 
response to signals specific to their specialized function and also to be appropriately 
subservient to the existing evolutionarily adapted host global regulatory network 
(Harayama and Timmis, 1989).  
The most well studied pathway for the bacterial catabolism of aromatic compounds is 
the degradation of toluene and xylenes by Pseudomonas putida mt-2. The genetic 
information for the coordinated metabolism of aromatic hydrocarbons is contained 
within the xyl operons encoded on the TOL plasmid pWW0.  
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The xyl genes are organized in four transcriptional units (Ramos et al., 1997; Fig. 1.7)  
● The upper-operon xylUWCMABN encodes the enzymes for the conversion of toluene 
/ xylene into benzoate / alkylbenzoates  
 ● The lower, or meta-operon xylXYZLTEGFJQKIH, which is responsible for the 
further conversion of these compounds into Krebs cycle intermediates  
● xylS and xylR, which are involved in transcriptional control  
Prior to transcription from specific DNA promoter sequences, bacterial core RNA 
polymerases (with the subunit composition α2ββ) must combine with a dissociable 
sigma subunit (σ) to form RNA polymerase holoenzyme (α2ββσ). The reversible binding 
of alternative σ factors allows formation of different holoenzymes that are able to 
distinguish groups of promoters required for different cellular functions. In addition to 
DNA promoter recognition and binding, σ proteins are closely involved in promoter 
melting and inhibiting nonspecific initiation (Gross et al., 1998). They are the target for 
activators and control early transcription through promoter clearance and release from 



























Fig. 1.7 Regulatory circuits controlling expression from the TOL plasmid pWW0 in 















1.7.3.6 Potential role of sigma factor 54 of P. alcaligenes P25X in heat shock 
response  
Although generally considered as a sigma factor for N metabolism in Escherichia coli,  
the σ54 factor of Pseudomonas putida is recognized to govern a number of disparate 
functions, albeit all seemingly important for adaptation of this soil bacterium to harsh 
environments. Such functions include not only N metabolism and growth on some C 
sources (Kohler et al., 1989) but also polar flagellar synthesis (Pandza et al., 2000) and 
biodegradation of recalcitrant hydrocarbons such as m-xylene (Ramos et al., 1997) and 
phenols (Shingler et al., 1993). Since sites polluted with these aromatic compounds are 
predicted to cause various types of stress (exposure to organic solvents, suboptimal C 
and N sources, oxidative damage and abrupt temperature changes), it has been proposed 
that σ54 is related to a general stress response (Kohler et al., 1989; Kim et al., 1995).  
This is mostly based on the observation that P. putida strains with insertions in the σ54-
dependent gene flhF (involved in polar flagellar positioning) fail to survive long-term 
carbon starvation (Kohler et al., 1989; Kim et al., 1995). In addition, most σ54 promoters 
are active only upon entering the stationary phase (Cases et al., 1996; Lorenzo et al., 
1993; Sze and Shingler, 1999; Sze et al., 1996). Moreover, the analysis of the upstream 
regions of the genes for two stress-related sigma factors (σS and σH) in different 
bacterial species (Pallen, 1999; Studholme and Buck, 2000) reveals well conserved 
sequences, some of which match σ54 consensus sites. Should these sites be functional, 
σ54 would be at the top of the hierarchy of sigma factors coordinating responses to 
global stress. However, most of the research with sigma promoters were based on 
computational methods and lacked experimental data. To clarify this issue, a P25X 
knock-out mutant for rpoN was constructed for proteomic analysis. Proteomic analysis 
of the rpoN mutant P25X would enable us to investigate whether σ 54 has a role in 
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aromatic hydrocarbon catabolism, in particular, gentisate degradation and what part 
does it play in stress response to aromatic hydrocarbons? 
 
1.8 Objectives of this thesis 
The main objectives of this study were: 
1. Proteome analysis of gentisate-induced response in P25X 
2. Proteome investigation of the regulatory role of sigma 54 in response to gentisate 
induction in P25X. 
3. Proteome analysis of heat shock protein expression in P25X in response to gentisate 
induction and high temperature. 
4. Molecular cloning and characterizing of the hbzE gene coding the inducible GDOII in 
P25X. 
5. Investigate the regulation of the inducible operon in P25X for gentisate degradation. 
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CHAPTER 2 
Materials and Methods 
 
2.1   Materials 
All the chemicals used were of analytical grade. 
 
2.1.1   Chemicals and reagents 
Protein assay reagents were purchased from Bio-Rad laboratories (Richmond, 
California, USA). 
Bovine serum albumin (BSA), high and low molecular weight markers for PAGE and 
SDS-PAGE were purchased from Amersham Biosciences, Uppsala, Sweden. 
Sodium lactate, methanol, acetic acid, absolute alcohol, were obtained from E. Merk 
(Darmstadt, Germany). 
Urea, CHAPS, Dithiothreitol (DTT), Bromophenol Blue, paraffin oil, Acrylamide, N, 
N’-methylenebisacrylamide, Tris, SDS, glycerol, ammonium persulphate, TEMED, 
glycine, agarose, Coomassie blue tablets, Immobiline Drystrip gels and IPG buffer  
were purchased from Amersham Biosciences, Uppsala, Sweden. 
Gentisate, Iodoacetamide, ampicillin, kanamycin, ribonulease A (RNase A) were 
obtained from Sigma Chemical Co. (Missouri, USA).  
 
2.1.2   Equipment for 2-D electrophoresis 
IPGphorTM Isoelectric Focusing System (Amersham Biosciences) was chosen for 
 59
performing the first-dimension IEF. 
HoeferTM miniVE mini vertical (Amersham Biosciences) and HoeferTM 
SE600(standard vertical, Amersham Biosciences) were used for the second-dimension 
SDS-PAGE. 
 
2.1.3   Bacteria strains 
Pseudomonas alcaligenes NCIMB 9867(P25X) 
Pseudomonas alcaligenes NCIMB 9867, designated in this study as P25X, was isolated 
by elective culture in liquid minimal medium containing 2.5mM 2,5-xylenol as the 
sole carbon source (Hopper & Chapman, 1971). 
 
Pseudomonas alcaligenes NCIMB 9867 mutant strain G56 
A mutant strain of P25X, designated in this study as G56, had the constitutive copy of 
the gentisate 1, 2-dioxygenase gene interrupted by a streptomycin/ spectinomycin 
resistance gene cassette (Yeo, et al., 2003).   
 
Pseudomonas alcaligenes NCIMB 9867 σ54 mutant G54 
A mutant strain of P25X, designated in this study as G54, was constructed by 
inactivation of the rpoN gene encoding σ54 with a kanamycin resistance gene cassette.  
 
Pseudomonas alcaligenes NCIMB 9867 hbzR mutant H57 
A mutant strain of P25X, designated in this study as H57, was constructed by 
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insertional inactivation of the gene encoding the putative regulator protein, hbzR, 
which was cloned from strain P25X, with a Gm resistance gene cassette. 
 
2.1.4   Maintenance of stock cultures 
P25X was maintained on basal minimal agar plate with 2.5mM 2, 5 xylenol as the sole 
carbon source. Strains G56 and G54 were maintained on LB agar plate supplemented 
with antibiotics such as Sm/Sp for G56, Km for G54, Gm for H57. 
Strains in current use were maintained at 4 ºC on relevant agar plates for 
approximately 2 weeks. Stock cultures were preserved in sterile LB medium 
containing 20% glycerol at -80 ºC.  
 
2.2   Cell induction and protein extraction 
2.2.1   Preparation of media 
LB medium was prepared according to Miller (1972) (appendix 1). LB agar was 
prepared by the addition of 1.5% agar to liquid LB medium. 
Minimal medium (per liter) was made up to contain KH2PO4, 2g; (NH4)2SO4, 1g; 
mineral salts solution, 20ml; 40% MgSO4, 1ml and metals “44” solution, 1ml. The 
metals “44” solution used in the media was formulated according to Hegeman (1996) 
(Appendix 1). This medium was adjusted to pH 7.4 with 10N NaOH. For minimal agar 
plates, 1.5% purified agar (OXOID, UK) was added to the liquid basal medium 
containing an aromatic hydrocarbon (2.5mM) as the sole carbon source. DL-lactic acid, 
which was a non-aromatic carbon source, was used at a final concentration of 20mM. 
 61
With the exception of gentisate, DL-lactic acid and all other aromatic hydrocarbons 
were autoclaved together with the minimal medium. Gentisate was sterilized by 
filtration through a sterile Millipore membrane filter with a pore size of 0.45 µm 
(Millipore Corp. Bedford, Massachusetts, USA) and added aseptically into the medium 
just before culture inoculation. 3-Hydroxybenzoate which was neutralized with 10N 
NaOH and autoclaved separately was used as the inducing aromatic carbon source at a 
final concentration of 2.5mM. 
All media, with or without agar, were autoclaved at 118 ºC for 15 minutes for the 
minimal media and 121ºC, 20 mins for LB medium. 
 
2.2.2   Preparation of buffers 
Composition of buffers and chemicals used are listed in Appendix 2. 
 
2.2.3   Bacterial growth and induction 
A freshly grown single colony of P25X WT from 2,5-xylenol minimal agar plate, 
strain G56 or G54 from LB plate supplemented with the relevant antibiotics were used 
to inoculate 10 ml of LB, respectively. Cultures were grown overnight at 32 ºC with 
shaking at 250 ×g in a New Brunswick orbital shaker incubator (Model G52) (New 
Jersey, USA). An aliquot of 10 ml of the overnight culture was introduced into a 2-litre 
flask containing 500 ml of liquid minimal medium containing 20 mM sodium lactate. 
The culture was grown to an OD580 of 0.5 to 0.6. The inducing compound - gentisate, 
was introduced to the culture at a final concentration of 2.5 mM. In order to obtain 
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uniform samples for proteome analysis, all cultures were allowed to incubate in the 
presence of gentisate for 8 hour and harvested at the late exponential growth phase. 
 
2.2.4   Harvesting of bacteria 
Cultures of P25X WT, mutant strains G56 and G54 were harvested by centrifugation at 
10,000×g for 10 min at 4 ºC. The cells were washed twice using 40 mM Tris - HCl (pH 
8.0) buffer and centrifuged under the same conditions. Cells were immediately used or 
stored at -20 ºC. 
 
2.2.5   Preparation of cell extracts 
The cells were re-suspended in 40 mM Tris – HCl (pH8.0) to a cell density of 0.5 g 
wet weight per ml. The cell suspension was sonicated using a ¾ inch probe on a 
MSE-Soniprep-150 for 10 seconds with a 20 seconds cooling interval between each 
pulse. The cells were disrupted by sonication for a total of 10 min. During sonication, 
the cell suspension was maintained in an ice-cold slurry. Samples were then treated 
with DNAase and RNAase (final concentrations of 1 mg/ml and 5 mg/ml, respectively) 
for 20 mins at RT, then centrifuged at 12,000×g for 10 min at 4 ºC. The supernatant 
was collected in a 50 ml centrifuge tube and ice-cold methanol was added to a final 
volume of 40 ml. Then the tube was placed at -80 ºC for an hour before centrifugation 
at 12,000×g for 30 min at 4 ºC. The pellet was re-suspended in 0.5 ml lysis solution 
[8M urea, 4% CHAPS, 40mM Tris (Base)]. 
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2.3   Determination of protein concentration  
2.3.1  Protein quantity using PlusOneTM 2-D Quant Kit (Amersham Bioscience )  
PlusOneTM 2-D Quant Kit (Amersham Bioscience) is designed for the accurate 
determination of protein concentration in samples to be analyzed by high resolution 
electrophoresis techniques such as 2-D electrophoresis, SDS-PAGE or IEF. Many of 
the reagents used in the preparation of such samples, including detergents, reductants 
and carrier ampholytes, are incompatible with protein assays. The procedure works by 
quantitatively precipitating protein while leaving interfering substances in solution. 
The assay is based on the specific binding of copper ions to the protein. Precipitated 
proteins are resuspended in a copper-containing solution and unbound copper is 
measured with a colorimetric agent. The color density is inversely related to the 
protein concentration. The assay has a linear response to protein in the range of 1-50µg. 
The procedure is compatible with common sample preparation reagents such as 2% 
SDS, 1% DTT, 8M urea, 2 M thiourea, 4% CHAPS, 2% PharmalyteTM (Amersham 
Bioscience) and 2% IPG buffer. 
 
2.3.2   Bradford protein assay methods 
Protein concentrations were determined by the Bradford protein assay (Bio-Rad 
protein kit) according to the manufacturer’s instruction. The absorbance of the reaction 
mixture was measured at 595 nm after 5 minutes of incubation at 23 ºC. Bovine serum 
albumin (Sigma. St. Louis, Mo.) was used as the standard within the range from 20 µg- 
120 µg. 
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2.4   Enzyme Assay 
Enzyme assays were carried out in 3.0ml quartz cuvette of 1cm path length at 23ºC 
using a UV-visible recording spectrophotometer UV-240 (Shimadzu, Japan). Gentisate 
1,2-dioxygenase activities were measured in 3.0ml assay mixture containing 0.33mM 
gentisate in 0.1M KH2PO4 , pH 7.4. The reaction, started by the addition of an 
appropriate volume of enzyme, was monitored by measuring the increase in 
absorbance at 330nm due to the formation of maleylpyruvate (Lack, 1959). An 
extinction value equal to 10.8 ×103 M-1 cm-1 was used to calculate the specific 
activity which was expressed as µmol of maleylpyruvate produced per minute per 
milligram of protein. 
 
2.5   Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
The PlusOneTM 2D Quant Kit (Amersham Biosciences) was used to quantify the 
concentration of each protein sample. Sixty micrograms of proteins from each cell 
extract was analyzed by 2D-PAGE. A pH 4-7 immobilized pH gradient (13 cm) IPG 
strip gel (Amersham Biosciences) was rehydrated overnight with Rehydration solution 
(8M urea, 2% CHAPS, 0.002% Bromophenol blue) containing the sample in a total 
volume of 250µl. IEF was performed using a IPGphor IEF system (Amersham 
Biosciences) and conducted by stepwise increase of voltages as follows: 500V for 1 hr, 
1000V for 1 hr, 8000V till the total reached 16KVh. After IEF separation, strips were 
equilibrated twice for 15 min each time with SDS equilibration buffer (50 mM Tri/HCl, 
pH 8.8; 6M urea, 30% glycerol, 2%SDS, 0.0002% bromophenol blue). The first 
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equilibration step contained DTT (final concentration: 100 mg DTT per 10 ml of SDS 
equilibration buffer) and the second step had iodoacetamide added without DTT (final 
concentration: 250 mg iodoacetamide per 10 ml of equilibration buffer). IPG strips 
were then placed over a 12.5% polyacrylamide gel (18 x 16cm) and ran at 15mA/gel 
for 15 min and then the current was increased to 30mM/gel until the bromophenol blue 
had run off the end of the gel. The gels were stained with Silver Stain Plus (Bio-Rad, 
USA). If Coomassie blue R350 was used for staining the gels, protein loading can be 
increased to 500 µg in a total volume of 250µl. The IEF was conducted by stepwise 
increase of the voltage as follows: 500V for 1 hr, 1000V for 1hr, 8000V till the total 
volt-hours (Vh) reaching 24KVh. Other steps were conducted under the same 
conditions as above.  
 
2.6   Gel staining 
After electrophoresis, gels were subjected to Coomassie blue staining or Sliver staining. 
For each sample, duplicate gels were run each time and analyzed on 6 separate 
occasions using silver staining. When gels were stained by Coomassie blue, duplicate 
gels were electrophoresed and repeated 3 times. ImageMaster v 3.01 software 






2.6.1   PhastGel® Blue R staining 
2.6.1.1   Solution preparation 
Stock solution 
1. A tablet of PhastGel Blue R was dissolved in 80 ml of distilled water and 
stirred for 5 to 10 minutes. 
2. Methanol (120ml) was added and stirred until all of the dye was dissolved. The 
solution was then filtered. 
This stock solution (0.2%) is stable for one to three weeks at 4 ºC. 
Final solution 
For a 0.1% solution: 1 part of filtered stock solution was mixed with 1 part of 20% 
acetic acid in distilled water. 
For a 0.02% solution: 1 part of filtered stock solution was mixed with 9 parts of 
methanol: acetic acid: distilled water (3:1:6). [For best results with PhastGel IEF 
media, 0.1% (w/v) CuSO4 was added.] 
 
2.6.1.2   Gel staining 
After electrophoresis, gels were taken off from the running tank and soaked in the 
Final Solution overnight with constant shaking.  
 
2.6.1.3   Gel destaining 
Gels were destained in a solution for about 2 hours with constant shaking or until the 
protein spots can be visualized as sharp blue bands against a clear background. The 
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destaining solution was made up of the same formula with the Final solution except 
that 1 tablet of PhastGel Blue R was dissolved in it.  
 
2.6.2   Silver Stain Plus Kit (Bio-Rad) 
Silver Stain Plus is a quick, simple system for detecting proteins or nucleic acids in 
polyacrylamide and agarose gels after electrophoresis. Proteins and nucleic acids can 
be visualized in 1 hour with very little hands on time by employing a carrier-complex 
silver staining chemistry similar to that developed by Gottlieb and Chavko (1987) for 
detecting DNA in agrose gels. Silver staining is very sensitive. Silver Stain Plus is 
30-50 fold more sensitive than Coomassie Blue R-350 dye and will detect nanogram 
quantities of protein and DNA.  
Polyacrylamide gel staining procedure: 
1. Fixative step 
After gel electrophoresis, gels were placed in the fixative enhancer solution (Bio-Rad, 
USA). With gentle agitation, the gels were fixed for 20 minutes. 
2. Rinse step 
The fixative enhancer solution from the staining vessel was decanted. Gels were rinsed 
in deionized distilled water for 30 minutes with gentle agitation. After 30 minutes, the 
water was removed and replaced with fresh rinse water. The gels were left in water for 
an additional 30 minutes.  
3. Staining and developing step 
Both mini and large format gels were stained in staining solution [35 ml deionized 
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water, 5.0 ml silver complex solution (Bio-Rad, USA), 5.0 ml reduction moderator 
solution (Bio-Rad, USA), 5.0 ml image development reagent (Bio-Rad, USA), 50 ml 
development accelerator solution (Bio-Rad, USA) and swirl well] with gentle agitation 
for approximately 20 minutes or until the desired staining intensity was reached. After 
the desired staining was reached, the gels were placed in 5% acetic acid to stop the 
reaction. 
4. Stop Step 
The gels were placed into 5% acetic acid solution to stop the staining reaction. After 
stopping the reaction, the gels were rinsed in high purity water for 5 minutes. The gels 
were then ready to be dried or photographed. 
 
2.7   In-gel digestion and Acquisition of MS and MS/MS Spectra 
Proteins spots were excised from the 2D-gel and were in-gel digested with trypsin 
following the procedure described by Shevchenko and co-workers (1996). Mass 
spectra of each spot were acquired using a PerSeptive Biosystems Voyager-DE STR 
MALDI-TOF mass spectrometer (Applied Biosystems, USA) operating in delayed 
extraction reflectron mode. In addition, nano electrospray ionization (ESI) tandem MS 
was also performed for the purified tryptic digests (using Millipore Zip-Tip C18 pipette 
tips) using a Q-TOF 2 mass spectrometer (Micromass, USA) and partial amino acid 




2.8    N-terminal sequencing 
The proteins in the gels were passively eluted overnight using elution buffer [100mM 
sodium acetate (unbuffered), 0.1% SDS and 50mM DTT] at 37 ºC with shaking and 
transferred to a PVDF membrane and washed using a ProSorb cartridge (PE 
Biosystems, Foster City, CA, USA). The sample was subjected to 15 cycles of 
N-terminal sequencing. 
Automated Edman degradation was carried out using an Applied Biosystems 494 
Procise Protein Sequencing System. 
 
2.9   Data interpretation and database searches 
Database searches performed against a comprehensive nonredundant protein sequence 
database. No limitations on protein molecular weights, pI, or species of origin were 
imposed. 
 
2.9.1   Database searches using the spectrum from MALDI-TOF and Q-TOF 
Peptide mass fingerprints (PMF) of the tryptic peptides from MALDI-TOF MS 
together with the isoelectric points and molecular weight values were used to search 
the National Center for Biotechnology Information (NCBI) protein database using the  
program Profound - peptide mapping (ProteoMetrics) (http://129.85.19.192/ 
profound_bin/WebProfound.exe) and MS - Fit  (http://prospector.ucsf.edu/ 
ucsfhtml4.0/ msfit.htm). 
Database searches using ESI tandem MS data was performed using the Matrix Science 
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Ltd. server (http://www:matrixscience.com) employing the MASCOT software (David 
et al., 1999) or edited according to the rules provided by Shevchenko et al. (2001) and 
subjected to MS BLAST searching using WU-BLAST2 at the EMBL website 
(http://dove.embl-heidelberg.de/Blast2/). 
 
2.9.2 Database searching strategy 
The strategy used for identification of homologous protein is outlined in Figure 2.1.  
MALDI-TOF and MS-FIT searches were applied as a first “screening” step which 
enables rapid identification of known proteins or highly homologous proteins. If a 
plausible protein candidate has been identified, the match can be verified further by 
tandem mass spectrometric investigation of the selected matched peaks. If no protein 
candidate can be identified, the protein spots will be further analyzed by Q-TOF. The 
spectrum data are submitted in a single packet and searched by MASCOT. One or two 
peptides matched with statistically significant scores will produce a strong hit, leading 
to unambiguous identification of a homologous protein. If, however, the MASCOT 
score is statistically unreliable, the MS/MS spectrum data are submitted for MS 
BLAST searches. Those still unidentified protein spots will be further analyzed by 
Edman N-terminal sequencing and subjected to database searches using MS BLAST. 
This approach utilizes only automated processing of data. No manual interpretation of 
tandem spectra or error-tolerant database searching is involved, and consequently, the 
whole strategy could be completely automated. It thus has the potential to become a 








NCBI and MS-FIT Search





Is the score higher 
than the thresholds?
Does the search yield 













 Fig. 2.1 A strategy for MALDI-TOF MS, Q-TOF MS and N-terminal sequence 







2.10 Preparation of genomic DNA  
P25X genomic DNA was prepared using the modified method of Ausubel et al. (1987). 
Bacterial culture that was grown overnight in 10 ml of Luria Broth media was 
harvested by centrifugation and washed with 0.9% (w/v) NaCl. The cells were then 
resuspended in 1.0 ml of Tris buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) buffer 
containing 20 µl of 10 mg/ml lysozyme and incubated at 37°C for 10 min. Cells were 
then lysed by the addition of 60 µl of 10% (w/v) sodium dodecyl sulfate (SDS) and 25 
µl of proteinase K (20mg/ml) and incubated at 55°C for further 30 mins. After cells 
lysis, an equal volume of phenol:chloroform (1:1) was added and the tube inverted 
several times for the contents to mix well. The mixture was then subjected to 
centrifugation (12,000×g) at 4°C for 10 min. The upper aqueous layer containing the 
genomic DNA was re-extracted with an equal volume of chloroform:isoamylalcohol 
(24:1). Following centrifugation, the upper aqueous layer was transferred to a fresh 
tube and precipitated with 0.1 volume of 3 M of sodium-acetate and 0.7 volume of 
isopropanol. The genomic DNA was recovered by spooling with a glass rod and rinsed 
twice in ice-cold 70% ethanol. It was then air dried and finally dissolved in 250 µl of 
1x TE buffer (pH 8.0) containing DNase-free RNase A. The quality of genomic DNA 
was analyzed using agarose gel electrophoresis.  
 
2.11 Polymerase Chain Reaction  
PCR primers used in this study were commercially synthesized by BST Asia 
(Singapore). In general, the annealing temperature was 5°C below the melting 
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temperature of the primers. PCR reactions for primer extensions of up to 2kb were 
carried out using Taq DNA polymerase (Promega, Madison, WI, USA). PCR reactions for 
primer extensions of over 2kb were performed using the Expand High Fidelity PCR 
System (Roche Diagnostics, Indianapolis, USA). For each reaction, the following 
reagents were mixed in a 0.2 ml thin-walled PCR tube:  
Reagent  Quantity  
Double-stranded DNA template  1.0 µl  
Forward primer (10 pmol/ µl)  1.0 µl  
Reverse primer (10 pmol/ µl)  1.0 µl  
dNTPs mix (2 mM)  5.0 µl  
10x Reaction buffer  5.0 µl  
Expand High Fidelity DNA Polymerase  1.0 µl  
Final reaction volume*  50.0 µl  
* The mixture was made up to 50.0 µl with double distilled sterile water.  
The GeneAmp® PCR system 2400 from Perkin Elmer was used to carry out thermal 
cycling. The amplification was performed for 30 cycles using the following 
parameters:     
      Denaturation at 94°C for 2 min  
Annealing at the appropriate temperature for 1-5 min  
Extension at 72°C for 1-7 min  
Final extension at 72°C for 10 min  
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2.12 Agarose Gel Electrophoresis of DNA  
DNA fragments were separated and identified by electrophoresis through agarose gels 
[0.8% (w/v) agarose] in a Tris-Borate-EDTA (TBE) buffer.  
The gels were casted in an electrophoresis tank and submerged in TBE buffer. DNA 
fragments were mixed with a gel loading buffer (0.25% bromophenol blue, 40% w/v 
sucrose in water) and loaded into the slots. An 80 V electric field was applied to run 
the gel.  
In order to visualize DNA fragments, the fluorescent intercalating dye ethidium 
bromide was incorporated in the gels. At the end of the run, the gels were examined 
directly under ultraviolet light illumination. Photographs were made using Polaroid 
type 667 film.  
Fragment sizes were determined in comparison with the GeneRuler ™ 1kb DNA 
Ladder Mix (MBI Fermentas, MD, USA)  
 
2.13 Cloning of PCR Products 
Cloning of PCR products were carried out using a linearized vector system - pGEM-T 
Easy Vector System (Promega, Wisconsin, US) that possess 3’ terminal thymidine 
residues. The system makes use of the fact that Taq polymerase adds a single 
deoxyadenosine to the 3’ ens of amplified products. The efficiency of ligation is thus 
greatly improved since the 3’ T-overhangs in the vector are compatible with the 
A-overhangs in the PCR products. 
This commercial kit contains linearized pGEM-T Easy vector that was prepared by 
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cutting with EcoRV and adding 3’-terminal thymidine to both ends. During the ligation 
reaction, the plasmid vector pGEMT-Easy and the insert DNA were ligated at a molar 
ratio of 1:3. The reaction was carried out overnight at 16°C in a final volume of 20 µl 
in a reaction buffer containing 50 mM of Tris-HCl (pH 7.8), 10 mM MgCl2, 10 mM 
DTT, 1 mM ATP, 25 µg/ml BSA and 1 U of T4 DNA ligase. Ligations were then 
transformed into the appropriate E.coli strains and recombinants were selected on 
Amp+X-gal plates (blue-white selection).  
 
2.14 Preparation of competent E.coli cells (Sambrook et al., 1989)  
A 1.0 ml aliquot of an overnight E.coli culture was added to 50 ml of LB broth and 
incubated at 37 °C in a shaker. The cells were harvested when the optical density of 
the cells reached 0.15-0.20 when read at 660 nm. The cells were centrifuged at 
3,000×g for 20 mins at 4 °C. The pelleted cells were resuspended in 10 ml of ice-cold 
0.1 M CaCl2 and incubated on ice for 30 mins before centrifuging again at 3,000×g for 
20 mins at 4 °C. The cells were resuspended in 5 ml of ice-cold 75 mM CaCl2 with 
15% (w/v) glycerol and distributed into eppendorf tubes at 0.2 ml per tube. The 
competent cells were stored at -70 °C for up to 3-4 weeks.  
 
2.15 Transformation of E. coli competent cells 
Competent E. coli DH5α were prepared by the CaCl2 method (Sambrook et al., 1989). 
For transformation, the competent cells were gently thawed on ice and 0.1-10 µg of 
plasmid DNA were added. The reaction mix was incubated on ice for 30 min before 
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being subjected to a heat pulse at 42°C for 45 sec (to induce the penetration of the 
DNA into the cells) and subsequently cooled on ice for 2 min. Then, 0.8 ml of fresh 
LB broth was added and the transformation mix was incubated at 37°C for 1 hour with 
shaking at 250 rpm. Aliquots of 100-150 µl of the culture were plated on agar plates 
containing 100 µg/ml of ampicillin and incubated at 37°C overnight.  
 
2.16 Restriction enzyme digestions of DNA  
DNA digestions were performed using restriction endonucleases from New England 
Biolabs® Inc. (Beverly, MA, USA). Each enzyme is supplied with its 10x NE Buffer 
to ensure optimal activity. Some enzymes require the presence of bovine serum 
albumin (BSA) for 100% of activity.  
Digestions were carried out by incubating the following reaction mix at 37ºC for at 
least 1 hour. 
1) Single digestion  
Reagent  Quantity  
Double-stranded DNA template  5.0 µl  
10x Reaction buffer  2.0 µl  
10 x Bovine Serum Albumin (if required) 2.0 µl  
Restriction Endonuclease  0.5 µl  
Final reaction volume*  20.0 µl  




2) Double digestion  
For double digestions, the optimal NE Buffer that is amenable to both restriction 
endonucleases was selected. The mixture was made up to 20.0 µl with double distilled 
sterile water.  
 
2.17 Plasmid preparation 
Recombinant plasmids used for DNA sequencing were isolated using the Wizard™ SV 
Miniprep Purification Kit (Promega, Wisconsin, US). Preliminary screening of 
recombinant clones in E.coli was performed by a modification of the boiling method of 
Holmes and Quigley (1981). 
 
2.17.1 Wizard ™ SV Miniprep Purification Kit (Promega, Wisconsin, US)  
The plasmid extraction method employed in this commercial kit is essentially based on 
the alkaline lysis method (Birnboim and Doly, 1979) with an additional 
column-purification step. Cells from a 10 ml overnight culture were harvested and 
subjected to alkaline lysis using the resuspension, lysis and neutralization solutions 
provided in the kit. Following a 10 min centrifugation (12000×g) at room temperature, 
the supernatant containing plasmid DNA was passed through a DNA-binding resin 
column. The resin-bound DNA was washed twice with an ethanol-based column wash 
solution (using volumes of 750 µl and 250 µl, consecutively), with a 2 min 
centrifugation step at 12,000×g between each wash. Finally the DNA was eluted from 
the column by the addition of 100 µl of nuclease-free water, followed by a 2 min 
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centrifugation at 12,000×g. 
 
2.17.2 The modified boiling method of Holmes & Quigley (1981)  
A modified boiling procedure for plasmid preparation was commonly employed for 
screening recombinant clones. Briefly, bacterial cells harvested from a 1 ml culture 
were resuspended in 100 µl of STET solution (100 mM NaCl; 10 mM Tris-HCl, pH 
8.0; 1 mM EDTA, pH 8.0; 5% Triton X-100). The cell pellet was lysed in the presence 
of 10 µl of egg white lysozyme (10 mg/ml dissolved in 10 mM Tris-HCl, pH 8.0) and 
incubated at room temperature for 5 min. The sample was then placed into a boiling 
water bath for 45 sec and subsequently in ice for further 3 min. Cellular debris and 
denatured proteins were pelleted via centrifugation at 12,000×g for 10 min and 
removed using a sterile toothpick. Plasmid DNA was recovered by precipitation with 
0.1 vol of 3 M sodium acetate and 2 vol of absolute ethanol followed by centrifugation 
at 12,000×g for 15 min at 4°C. The recovered plasmid DNA was resuspended in 30 µl 
of TE solution containing 10 µg/ml of RNase, and stored at 4°C.  
 
2.18 DNA cycle sequencing  
DNA sequencing was performed using the PE Applied Biosystems DNA Sequencer 
model ABI 377 and the Big Dye Terminator Cycle sequencing Ready Reaction Kit 
(PE Applied Biosystems, Foster City, CA, USA). The kit comprises a Big Dye 
Terminator Ready Reaction Mix, consisting of: A, C, G, T dye terminator (ddNTP); 
dITP, dATP, dTTP, dCTP; Tris–HCl buffer (pH 9.0); MgCl2; thermostable 
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phosphatase; AmpliTaq DNA polymerase FS: a mutant form of Taq DNA polymerase 
which does not possess 5’→3’ exonuclease activity and has a reduced discrimination 
for dideoxynucleotides, thereby permitting the use of a lower level of dye-labeled 
terminators in the reaction.  
For each reaction, the following reagents were mixed in a labeled 0.2 ml thin-walled 
PCR tube:  
 
Reagent  Quantity  
Double-stranded DNA template  4.0 µl  
5x Reaction buffer  2.0 µl  
Big Dye Terminator Ready Reaction Mix 4.0 µl  
Primer (10 pmol/µl)  1 µl  
Sterile water 9 µl 
Final reaction volume*  20.0 µl  
 
The cycle sequencing reaction was carried out in the GeneAmp® PCR system 2400 
(Perkin Elmer, USA) for 25 cycles using the following parameters: initial denaturation 
at 96°C for 1 min; denaturation at 96°C for 30 sec; annealing at 50°C for 15 sec; 
extension at 60°C for 4 min. 
Following sequencing, the mixture was precipitated with 2 volumes of ice-cold 
absolute ethanol and 0.1 volume of ice-cold 3M sodium-acetate at -20°C for 2 hours. 
The dye-incorporated DNA fragments were recovered by centrifugation at 12,000×g 
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for 20 min, washed once with 70% ice-cold ethanol and air-dried. Subsequent 
eletrophoretic separation on sequencing gels and analysis of the gels were carried out 
at the DNA sequencing laboratory of the National University Medical Institute, NUS.  
 
2.19 Computer analysis of nucleotide sequences  
DNA sequences were assembled and analyzed using the SeqMan II for Windows 
program (ver 3.56) as well as the EditSeq for Windows program (ver 3.96) 
(DNASTAR Inc. Madison, WI, USA). Comparison of nucleotide sequence data was 
carried out using BLAST (Altschul et al., 1990; Altschul et al., 1997) available at the 
National Center for Biotechnology Information website 
(http://www.ncbi.nlm.nih.gov/BLAST/). The open reading frames in the nucleotide 
sequence were identified using the ORF Finder at the NCBI website 
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Multiple sequence and phylogenetic 
analyses were carried out using CLUSTAL W at the European Bioinformatics Institute 
website at http://www.ebi.ac.uk/ClustalW/index.html.  
 
2.20 Isolation of DNA fragments from agarose 
DNA fragments used for Southern hybridization and cloning were first electrophoresed 
in 1% low melting point agarose in 1×TAE and the appropriate fragments were then 




2.21 Southern blot 
DNA was transferred onto Hybond-N+ nylon membrane (Amersham Biosciences, 
Uppsala, Sweden) by capillary blotting. DNA probes were labeled with horseradish 
peroxidase, hybridization and detection were performed using the ECL direct nucleic 
acid labeling and detection systems (Amersham Biosciences, Uppsala, Sweden). 
Hyperfilm-ECL (Amersham Biosciences, Uppsala, Sweden) was used to detect the 
chemiluminescence emitted by the labeled hybridized probes.  
1) Processing of gel for Southern blots  
DNA was digested and the restriction fragments separated by conventional agarose gel 
electrophoresis. Then the gel was depurinated by soaking in a solution of 0.25 M HCl 
for 20 min and washed three times with distilled water before denaturation using a 
solution of 1.5 M NaCl in 0.5 M NaOH for 20 min. The gel was again washed three 
times with distilled water prior to a final neutralization step using a solution of 0.5 M 
Tris-HCl (pH 7.5) in 1.5 M NaCl for 20 min. At the end of this stage, the gel was 
ready for southern blotting. 
2) Southern blotting  
A plastic tray was filled with 20 x SSC (0.3 M Na3Citrate, 3 M NaCl, pH 7.0) solution 
and a supporting platform made using a Perspex gel-casting tray and a glass plate at 
the base. The platform was then covered with a wick made from three sheets of 
Whatman-3MM filter paper saturated with 20x SCC. The gel was placed on top of the 
wick. Care was taken to avoid trapping any air bubble. Thin strips of parafilm were 
placed around the sides of the gel to prevent direct contact between the buffer and the 
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paper towels which are to be placed on top of the gel. The Hybond-N nylon membrane 
(Amersham Biosciences, Uppsala, Sweden) to be used for blotting was cut to the size 
of the gel and soaked in 20 x SSC for about 10 min prior to blotting. The membrane 
was placed carefully on the gel surface, ensuring that no air bubbles were trapped 
within the two layers. Three sheets of filter paper, wetted in 20 x SCC, were placed on 
the membrane and followed by a stack of 7-10 cm-thick absorbent paper. A glass plate 
was then placed on top of the paper towels and a weight (of approximately 750 g) was 
applied. DNA transfer by capillary action was allowed to proceed overnight.  
Following overnight transfer, the DNA was fixed onto the membrane by exposing the 
membrane to short wavelength UV illumination for 5-7 min. The membrane was then 
stored in a plastic bag at 4°C until use. 
3) Preparation of labeled probe  
In general 2 ng of probe was used for every cm2 of membrane. The probe DNA 
concentration was adjusted to 10 ng/µl with sterile distilled water in an eppendorf tube 
and boiled for 5 min to allow DNA denaturation. The eppendorf tube was then cooled 
on ice for 5 min. An equal volume of DNA labeling reagent (horseradish peroxidase 
complexed with a positively charged polymer) was added and thoroughly mixed. This 
was followed by an equal volume of glutaraldehyde (which catalysed covalent 
cross-linking of the probe DNA to the peroxidase enzyme). The contents in the 
eppendorf tube were mixed well and incubated at 37°C for 10 min. It was then used 
immediately for hybridization. 
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4) Hybridization with labeled probe  
Pre-hybridization was carried out by incubating the blot in the hybridization buffer 
(Amersham Biosciences, Uppsala, Sweden) containing 0.5 M NaCl and 5% (w/v) 
blocking agent for not less than 1 hour at 42°C with gentle shaking inside a plastic 
container. The labeled probe was then added to the hybridization buffer and mixed 
well, while ensuring that no air bubbles were formed. Hybridization was allowed to 
proceed overnight at 42°C with gentle shaking. 
5) Washing the membrane and detection of non-radioactive label  
The hybridization buffer was removed and the blot was washed twice with primary 
wash buffer (6 M Urea and 0.4% SDS in 0.5 x SCC) for 20 min each time at 42°C with 
gentle shaking. The blot was then washed twice with secondary wash buffer (2 x SCC) 
for 5 min each time at room temperature with gentle shaking.  
Equal volumes of detection solutions 1 and 2 (Amersham Biosciences, Uppsala, 
Sweden) were mixed (the final volume required was 0.125 ml/cm2 membrane). 
Detection reagent 1 contained hydrogen peroxide which is the substrate for peroxidase, 
while detection solution 2 contained luminol which produced a blue light upon 
oxidation. The excess secondary wash buffer was drained from the membrane and the 
detection solution mix was added directly to the DNA side of the membrane. The 
membrane was incubated for 1 min in the detection solution mix before the excess of 
detection solutions were removed and the membrane wrapped in Saran Wrap and 
placed with the DNA side against a Hyperfilm-ECL (Amersham) in an autoradiograph 
cassette. The Hyperfilm-ECL was exposed for 45-60 min and developed using the 
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Kodak M35 X-OMAT Processor (Kodak, NY, USA).  
 
2.22 Inverse Polymerase Chain Reaction (Inv-PCR) 
Inverse PCR amplifies unknown DNA adjacent to a known sequence in the genomic 
DNA. A pair of primers was designed directed outwards from both ends of the known 
sequence. P25X genomic DNA was digested with an enzyme that cut outside of the 
region of interest. Several enzymes were tested in order to select a DNA fragment of 
appropriate length which could be amplified. After inactivation of the enzyme at 65° C 
for 20 min, digested genomic DNA was diluted to less than 5 µg/ml with water, ligase 
buffer and 10 µl T4 DNA ligase in a total volume of 500 µl to favor self-ligation and 
incubated at room temp for 2 hours. This will circularize DNA fragments as 
unimolecular ligation is favored in dilute reaction conditions. The reaction mix was 
precipitated by absolute ethanol, washed with 70% ethanol and air-dried. An 
appropriate volume of water was used to resuspend the precipitated DNA and the 
reaction was ready for PCR. An aliquot of 2 µl of the reaction mix from the previous 
step was used in a 50 µl PCR reaction. 
 
2.23 DNA ligation 
Ligation of DNA was carried out using T4 DNA ligase (NEB, Beverly, USA) and the 





Vector (100ng/µl) 4 µl 
Insert DNA (100ng/µl) 13 µl 
T4 ligation buffer (10×) 2 µl 
T4 DNA ligase (400u/µl) 1 µl 
Total volume 20 µl 
 
2.24 DNA fragment purification  
The method used to purify digested DNA, PCR products or DNA fragments of interest 
from low melting point agarose gel is dictated by their sizes. Phenol extraction was 
used for DNA fragments greater than 10Kb, whereas the GFX system (Amersham 
Biosciences, Uppsala, Sweden) was used to purify DNA fragments smaller than 10 Kb.  
 
2.24.1 Phenol extraction method 
Enzyme digested vectors or genomic DNA fragments were extracted with an equal 
volume of TE-saturated phenol (pH 8.0). After centrifugation at 12, 000×g for 10 min, 
the aqueous phase was removed and the DNA was precipitated with 0.1 vol of 3M 
sodium acetate (pH 4.8) and 2 vols of ice-cold absolute ethanol at -20 °C for 2 h. The 
DNA pellet was recovered by centrifugation at 12, 000×g for 15min at 4 °C and 
washed twice with ice-cold 70% ethanol. It was allowed to dry in air before dissolving 
in an appropriate volume of 1×TE buffer. 
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2.24.2 GFX system (Pharmacia) 
DNA fragments were purified by the GFX system according to the procedure stated in 
the manual provided. Under long range UV illumination, the gel slice containing the 
desired DNA fragment was carefully excised and placed in a sterile eppendorf tube. 
Ten microliters of Capture BufferTM were added for every 10 mg of gel (up to a 
maximum of 300mg) and the gel was melted at 55 °C. The mixture was passed through 
a column containing DNA-binding resin by centrifugation at 8, 000×g for 1 min. The 
column was then washed with 500 µl of Wash BufferTM. DNA was eluted from the 
column using 30-50 µl of 1×TE buffer that was prewarmed to 55 °C.  
 
2.25 Spectrophotometric determination of the amount of DNA or RNA 
For quantitating the amount of DNA or RNA, readings should be taken at wavelengths 
of 260nm and 280nm. The reading at 260 nm allows calculation of the concentration of 
the nucleic acid in the sample. An OD of 1 corresponds to approximately 50 µg/ml for 
double-stranded DNA, 40µg/ml for single-stranded DNA and RNA, and approximately 
20 µg/ml for single-stranded oligonucleotides. The ratio between the readings at 
260nm and 280 nm (OD260/OD280) provides an estimate of the purity of the nucleic 
acid. Pure preparations of DNA and RNA have OD260/OD280 values of 1.8 and 2.0, 
respectively. If there is contamination with protein or phenol, the OD260/OD280 will be 
significantly less than the values given above, and accurate quantitation of the amount 
of nucleic acid will not be possible. 
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2.26 DNA Walking SpeedUpTM Premix Kit 
Seegene’s DNA Walking SpeedUpTM Premix Kit (Seegene, Seoul, Korea) is composed 
of PCR Master Mix and unique DNA Walking Annealing Control Primers (DW-ACP) 
that are designed to capture unknown target sites with high specificity. The DW 
ACP-PCRTM technology allows unknown flanking regions of up to 3 kb long to be 
obtained. This kit represents a powerful and revolutionary way to directly amplify 
unknown sequences.  
Fig. 2.2 depicts the general strategy underlying the DNA Walking ACP-PCRTM 
Technology. One of the four ACP primers and the user’s target-specific primer 1 (TSP 
1) are used to amplify the target region from the template in the first round PCR. The 
second PCR (the first nested PCR) then uses the DW-ACPN primer and the TSP 2 
primer to amplify the target from the first PCR product. The third PCR (the second 
nested PCR) uses the universal primer (provided) and TSP 3 and the second PCR 















Fig. 2.2 The general strategy of DNA Walking ACPTM PCR Technology (Seegene, 
Seoul, Korea) 








2.27 Enzyme assay for GDO II and determination of its kinetic properties. 
Gentisate 1,2-dioxygenase II activity was assayed spectrophotometrically at 23oC by 
measuring the formation of maleylpyruvate (Hopper et al., 1971), which could be 
monitored by the increase in absorbance at 330 nm using the UV-2550 
spectrophotometer (Shimadzu, Japan). Activity was assayed in 3 ml of reaction 
mixture containing 0.33 mM gentisate in 0.1 M phosphate buffer, pH 7.4 (Feng et al., 
1999). The formation of maleylpyruvates from various substrates was monitored with 
purified enzymes in the presence of 0.1 mM ferrous ammonium sulphate, 2 mM 
L-cysteine and glycerol at 10% (v/v) at the following wavelengths and molar 
extinction coefficients; gentisate (ε330 = 12,500 M-1cm-1), 3-methylgentisate (ε327 = 
11,900 M-1cm-1), 4-methylgentisate (ε316 = 11,400 M-1cm-1), 3-bromogentisate (ε335 = 
13,000 M-1cm-1), 3-fluorogentisate (ε331 = 11,700 M-1cm-1), 3-isopropylgentisate (ε325 = 
11,200 M-1cm-1) and 4-chlorogentisate (ε335 = 12,400 M-1cm-1) (Feng et al., 1999). 
One unit of enzyme activity is defined as the conversion of 1 µmol of maleylpyruvate 
per min at 23 oC. Specific activities are expressed as units per mg protein. Protein 
concentration was determined by the Bradford assay (Bradford, 1976) using bovine 
serum albumin as the standard. Different concentrations of substrate solutions 
(gentisate and substituted gentisates), ranging from 50 µM - 1500 µM, were prepared 
for the determination of Km values of the purified GDO II. Lineweaver-Burke plots 




2.28 Protein purification 
Crude cell extracts were applied to a HisTrap Chelating HP column (Amersham 
Biosciences, Sweden) containing 1 ml Chelating Sepharose™ and equilibrated with 10 
ml binding buffer (0.02 M KH2PO4, 0.5 M KCl, pH 7.4). The column containing the 
crude cell extracts was washed with 10 – 20 ml of distilled water. Protein was eluted 
with 10 – 25 ml of elution buffer (0.02 M KH2PO4, 0.5 M KCl, 0.5 M imidazole, pH 
7.4). The desired fractions were desalted and concentrated using Centricon-10 
(Millipore, USA).  
 
2.29 Construction of hbzR::Gm and a hbzR knock out strain, H57 
A diagram illustration of the knockout and screening strategy was presented in 
Fig. 2.3 A and B. Two fragments, designated as RU and RD, which flanked the 
upstream and downstream sequences of the hbzR, were amplified separately with the 
primer pair hbzR1F / hbzR1R and hbzR2F / hbzR2R, respectively. Fragments RU and 
RD were digested with BamHI, purified and then ligated together to create a BamHI 
site in between. The primer pair, hbzR1F and hbzR2R, was used to amplify the ligated 
product into the pGEM-T easy vector (Promega, Madison, WI), yielding the 
recombinant plasmid designated pHbzR. The GmR gene cassette was isolated as a 1kb 
BamHI fragment from pPS856 (Hoang et al., 1998) and ligated with the BamHI 
digested plasmid pHbzR. The phbzR::Gm recombinant plasmid was then transformed 
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Fig. 2.3. A) Diagrammatic representation of the construction of mutant H57, the P25X 
derivative with a Gm resistant gene cassette (depicted as hashed lines) inserted into the 





The plasmid pHbzR::Gm was subsequently introduced into P25X wild type by natural 
transformation (Curtis et al., 1984) and selection on LB agar containing 5µg/ml 
gentamicin (Gm). The resulting P25X hbzR knockout mutant, designated as H57, is a 
result of gene replacement through a double crossover (Fig.2.3 B), and this was 
confirmed by PCR amplification of the hbzR from the genome of H57 using the primer 
pair, ScreenF and ScreenR, designed from outside of the pHbzR::Gm fragment used to 
transform the P25X strain. P25X GmR –transformants showed an increase in the size 
of the hbzR gene by about 500bp, indicating that the pHbzR::Gm fragment was 
inserted into the genome of P25X via a double homologous cross-over. 
 
2.30 Complementation of hbzR in strain H57  
To complement the hbzR deletion due to insertion of the Gm cassette in strain H57, 
intact hbzR was provided in trans on the broad-host range plasmid, pRK415 (Keen et 
al., 1988). The hbzR was PCR amplified from the genome of P25X wild-type using 
Pfu DNA polymerase (Stratagene, La Jolla, CA) and the primers, REcoRIF and 
RXbaIR. The amplified product was digested with EcoRI and XbaI and cloned into the 
EcoRI and XbaI site of pRK415, resulting in the recombinant plasmid designated 
pRKhbzR. Transcription of hbzR in pRKhbzR is driven by the lac promoter of the 
pRK415 vector. pRKhbzR was mobilized into strain H57 by conjugation with E. coli 
S17-1 carrying pRKhbzR and transconjugants were selected on minimal agar plates 
containing gentisate and supplemented with Tc (15 µg ml-1) and Gm (5 µg ml-1). 
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2.31 Natural transformation of Pseudomonas alcaligenes P25X cells  
Pseudomonas alcaligenes (P25X) is naturally competent towards uptake of its own 
homologous DNA (Carlson et al., 1983). To allow for the uptake of DNA into P25X 
cells, a 10 ml overnight culture of P25X cells was harvested and resuspended in 0.1 ml 
of LB broth. Approximately 100ng of DNA were mixed with the resuspended cells 
which were then spotted onto a prewarmed LB agar plate and left overnight at 32 °C. 
The cells were later harvested from the plate, using a sterile inoculating loop and 
resuspended in 0.1 ml of LB broth. Aliquots of 0.1ml were then plated onto the 
appropriate selection plates.  
 
2.32 RNA extraction using RNeasy Mini Kit (Qiagen, Alameda, CA, USA) 
The RNeasy procedure represents a novel technology for total RNA isolation from 
small quantities of starting material. This technology combines the selective binding 
properties of a silica-gel-based membrane with the speed of the microspin technology. 
A specialized high-salt buffer system allows up to 100 µg of RNA longer than 200 
bases to bind to the RNeasy silica-gel membrane. Bacteria (maximum 1 × 109 bacteria) 
are first lysed in a buffer containing lysozyme to digest the bacterial cell walls, and 
homogenized in the presence of a highly denaturing guanidine isothiocyanate 
(GITC)-containing buffer, which immediately inactivates RNases to ensure isolation of 
intact RNA. Ethanol is added to provide appropriate binding conditions, and the 
sample is then applied to an RNeasy mini column where the total RNA binds to the 
membrane and contaminants are efficiently washed away. High-quality RNA is then 
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eluted in 30 µl, or more, of water.  
 
2.33 Qiagen® OneStep RT-PCR Kit (Qiagen, Alameda, CA, USA) 
This protocol serves as a guideline for one-step RT-PCR. Reverse transcription and 
PCR are carried out sequentially in the same tube. All components required for both 
reactions are added during the setup stage, and there is no need to add additional 
components once the reaction has been started. The protocol has been optimized for 
1pg – 2µg of total RNA. Optimal reaction conditions, such as incubation times and 
temperatures during PCR amplification, will vary and need to be determined 
individually. For each reaction, the following reagents were mixed in a 0.2 ml 
thin-wall PCR tube: 
Component Volume/reaction Final concentration 
RNase-free water (provided) Variable  – 
5×QIAGEN one step RT-PCR buffer 1) 10.0 µl 1× 
dNTP Mix (containing 10 mM of each 
dNTP) 
2.0 µl 400 µM of each dNTP 
 
5×Q-Solution  10.0 µl 1× 
Primer A  Variable 0.6 µM 2) 
Primer B  Variable 0.6 µM 2) 
QIAGEN OneStep RT-PCR Enzyme Mix 2.0 µl – 
RNase inhibitor (optional)3) Variable 5–10 units/reaction 
Template RNA  Variable 1 pg – 2 µg/reaction 
Total volume 50.0 µl – 
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1) Contains 12.5 mM MgCl2 
2) A final primer concentration of 0.6 µM is optimal for most primer–template systems. 
However, in some cases, using other primer concentrations (i.e., 0.5–1.0 µM) may improve 
amplification performance. 
3) The use of RNase inhibitor is optional; however, it is recommended. 
The GeneAmp® PCR system 2400 from Perkin Elmer was used to carry out thermal 
cycling. The thermal cycler conditions was: reverse transcription at 50°C for 30 min; 
initial PCR activation step at 95°C for 15 min; 3-step cycling was performed for 25–40 
cycles using the following parameters: denaturation at 94°C for 0.5–1 min, annealing 
at 50–68°C for 0.5–1 min, extension at 72°C for1 min; final extension at 72°C for 10 
min.   
 
2.34 Polymerase chain reaction primers and plasmids 
Primers used in this study are listed in Table 2.1. The PrimerSelect (v.5.08, DNASTAR 
Inc.) software was used to design all primers. Bacterial plasmids that are constructed in 






Table 2.1 Primers used in this study 
Primer Target gene/use Reference 
HbzE-SN-F: 5' AGGGGAATTCCATATGAGCGAATTGGATCT TG  3' the EcoRI site is 
underlined; the NdeI site is italicized which is immediately following the EcoRI site 
hbzE over expression This study 
HbzE -S-R: 5' GGCAGAATTCGTCTCGATACTGGCTTG 3' The EcoRI site is underlined; hbzE over expression This study 
DF: 5’ CTTGGCC(A/C/G/T)AGT(A/C/G/T)GAAGACCT 3’ hbzE This study 
DR: 5’ CTCGCC(A/G)TCCAC(A/C/G/T)A(A/G)GGTGTA 3’ hbzE Zhao et al., 
2004 
inF: 5’ ATTGTTTGCCACCAGTTGCTCG 3’ Inverse PCR This study 
inR: 5’ ACTCGCCTTCCGCCGTG 3’ Inverse PCR This study 
hbzR1F: 5’ATGCCATGAACCCCACCCTACG 3’ hbzR knock out This study 
hbzR1R: 5’ CGGGATCCTCCTCGCTGACGGCCAACCTCT 3’, the BamHI site is underlined; hbzR knock out This study 
hbzR2F: 5’CGGGATCCGAACCCCCACATCCTCCTCCAG 3’, the BamHI site is underlined; hbzR knock out This study 
hbzR2R:5’ CTCGCCGCCGGTGTTGTCTTT 3’ hbzR knock out This study 
ScreenF: 5’ TTGCCTATCGCCTGAAGAAGA3’ hbzR knock out mutant 
screening 
This study 
ScreenR: 5’ TGGGCCGGCGGTTGAACTACATAA 3’ hbzR knock out mutant 
screening 
This study 
hbzEF : 5' GTGGCCTTCGTTGCGTTCGGTGTT 3' hbzE /RT PCR This study 
hbzER : 5' CGTAGATGAGCGGCAGGTCCAG 3' hbzE /RT PCR This study 
16sRNAF: 5’ TGACGAGTGGCGGACGGGTG 3’ 16s RNA/RT PCR This study 
16sRNAR: 5’ ATGCAGTTCCCAGGTTGAGC 3’ 16s RNA/RT PCR This study 
RT1F : 5’GATCAAGGTGCGGGTCGTCTA3’ hbzH/hbzI intergenic region This study 
RT1R: 5’AGGGTCAGTGGCTTGGTTTGTT3’ hbzH/hbzI intergenic region This study 
RT2F: 5’ATCGAGTTCAGCGGCGGCACCAT3’ hbzI/hbzJ intergenic region This study 
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RT2R: 5’GTCGATCGGCACCACCAGAGC3’ hbzI/hbzJ intergenic region This study 
RT3F:5’GCTTCTCAATGGCCTGGACGACA3’ hbzJ/hbzK intergenic region This study 
RT3R:5’CGGTGCCGGGCGGTTCAATCTT3’ hbzJ/hbzK intergenic region This study 
RT4F:5’GAGCGGAAGGTGGCGGAATGAGC3’ hbzK/hbzL intergenic region This study 
RT4R:5’GGCGCACCAGTCGAGCACCGTATC3’ hbzK/hbzL intergenic region This study 
RT5F:5’GCCGGGGCAGACCAGTTCG3’ hbzL/hbzF intergenic region This study 
RT5R:5’AGCACCTCATCCCCGTCCACCAC3’ hbzL/hbzF intergenic region This study 
RT6F:5’GACGCGATGCTGGCCGAAATAGAG3’ hbzF/hbzE intergenic region This study 
RT6R:5’GGGCAACACCGAACGCAACGAA3’ hbzF/hbzE intergenic region This study 
RT7F:5’ATCCAGCACCGAGCCCACCTACCT3’ hbzE/hbzD intergenic region This study 
RT7R:5’TTTCCTCGGCGCCCTCCAACAG3’ hbzE/hbzD intergenic region This study 
REcoRIF :5’CCGGAATTCGCGCCGAGCCCCCATAA3’ the EcoRI site is underlined; HbzR complementary This study 
RXbaIR: 5’ CTCTAGAGCATCTCGGCAGCTCCAGTAGTAG 3’ the XbaI site is underlined; HbzR complementary This study 
















Table 2.2 Plasmids used and constructed in this study  
 
Plasmid Description Reference 
pGEMT 3.02 kbp TA cloning vector; AmpR; lac/MCS Promega, WI, USA 
pPS856 GmR, source of GmR gene cassette Hoang et al., 1998 
pHbzR pGEMT with PCR fragments containing upstream and downstream flanking regions of hbzR and a BamHI site  This study 
pHbzR::Gm Gm-inserted derivative of pHbzR; contains Gm resistance gene cassette inserted into the hbzR gene This study 
pRK415 10.5Kb broad host range cloning vector; TcR; IncP-1  Keen et al., 1988  




; multiple cloning site in lacZα 
Yanisch,1985 
   









Pseudomonas alcaligenes NCIMB 9867 (strain P25X wild type) is a soil bacterium 
that is capable of degrading xylenols, and cresols via the gentisate pathway. One of the 
key enzymes in the gentisate pathway is gentisate 1,2-dioxygenase (GDO) that 
catalyses the fission of the gentisate aromatic ring, yielding maleylpyruvate which is 
then channeled through a series of reactions to ultimately yield TCA cycle 
intermediates. P25X had been established to harbour isofunctional enzymes for the 
gentisate pathway - one set being constitutively expressed whereas the other set is 
strictly inducible (Poh & Bayly, 1980). The inducible set of enzymes was synthesized 
during growth on gentisate and had marked differences in substrate specificities when 
compared to the constitutive set of enzymes (Poh & Bayly, 1980). We have recently 
cloned the gene for the constitutive GDO-I, xlnE, and showed it to be further inducible 
(Yeo et al., 2003). A xlnE knock-out strain of P25X, designated strain G56, was 
constructed by inserting a streptomycin/spectinomycin resistance gene cassette into 
xlnE. GDO activity could only be detected when G56 cells were induced with aromatic 
substrates, indicating the functional presence of the strictly inducible GDO-II in G56 
(Yeo et al., 2003). So far, the gene encoding GDO-II is still refractory to cloning. 
In this study, a proteomic approach which employed 2D-PAGE and MS to analyze 
proteins expressed by P. alcaligenes P25X and the mutant strain G56 grown in the 
presence and absence of the aromatic inducer, gentisate, was undertaken. MALDI-TOF 
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MS, ESI-MS/MS utilizing a quadrupole time of flight (Q-TOF) MS and N-terminal 
sequencing were employed to identify the distinctive proteins in 2D-PAGE expressed 
by G56 cells grown in the presence of gentisate. The strategies used to analyze the MS 
results and their implications are discussed.  
 
3.2 Gentisate-induced proteins identified by MALDI-TOF and Q-TOF 
Proteins extracted from P25X and G56 cells grown under non-induced and induced 
conditions were separated by 2D-PAGE across the pH range 4 – 7. The presence of 8 
protein spots (designated M1 to M8) were consistently observed when cell extracts 
from G56 induced with gentisate were resolved in the 2D gel shown in Fig. 3.1 B, and 
they were absent from uninduced cell extracts  resolved in the 2D gel shown in Fig. 3.1 
A. Induction of G56 cells by gentisate also led to the up-regulation of 7 protein spots, 
designated U1 to U7, with the criteria of an up-regulated protein showing at least 3-
fold increase in intensity after staining (Fig. 3.1 D) when compared to uninduced cell 
extracts (Fig. 3.1 C).  
All 15 protein spots (M1 to M8 and U1 to U7) were excised from Coomasssie blue-
stained gels, subjected to trypsin digestion and analyzed by MALDI-TOF MS. The 
tryptic peptide masses obtained for each protein spot were searched against the 
MALDI-TOF MS PMF database but only one of the spots, U5, was positively 
identified as isocitrate dehydrogenase from Pseudomonas aeruginosa PAO1 with 22% 
sequence coverage (92/418 amino acid sequences, predicted MW = 45.58 kDa, 





Fig 3.1 A, B, C, D 
 
Absence of gentisate Induce with 2.5mM gentisate
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Fig. 3.1 2-D PAGE of proteins extracted from P. alcaligenes mutant G56 cells grown in minimal media containing 20 mM lactate and 
either uninduced (3.1 A and 3.1 C) or induced with 2.5 mM gentisate (3.1 B and 3.1 D). Gels were either silver-stained (3.1 A and 3.1 B) 
or stained with Coomassie blue (3.1 C and 3.1 D). Protein spots designated with the prefix M represented induced de novo proteins that were 
detected only in gels of induced cells, whereas spots designated with the prefix U signified proteins that were up-regulated in induced cells (the 
criteria for an up-regulated protein spot was an at least three-fold increase in intensity of the spot in an induced sample when compared to an 
uninduced sample). 
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The protein spots were also subjected to Q-TOF MS and the resulting data were used 
to search the NCBI database using MASCOT. This led to the positive identification of 
three other protein spots – M6, U4 and U6. M6 was identified as an amino acid-
binding protein from Pseudomonas putida KT2440 with a score of 45, U4 showed 
similarity to a flagellin protein from Pseudomonas oleovorans with a score of 53, 
whereas U6 was identified as a C4-dicarboxylate-binding protein from P. aeruginosa 
PAO1 with a score of 153. The Q-TOF MS data also corroborated the identity of 
protein U5 as isocitrate dehydrogenase with a score of 168.  
Peptide sequences obtained from Q-TOF for the remaining 10 unidentified proteins 
were edited following the rules provided by Shevchenko et al. (2001) and further 
analyzed using MS BLAST. This led to the identification of 8 proteins (M1, M3, M4, 
M5, M7, M8, U1 and U7) which showed similarities to proteins with assigned 
functions in the database, whereas 2 other proteins, U2 and U3, remained unidentified.  
Interestingly, Protein M5 had shown high homology to the amino acid sequence of 
gentisate 1, 2-dioxygenase from Ralstonia sp. U2. The match (total score was 107 with 
one peptide sequence showing 70% homology while another showing 87% homology) 
was higher than the threshold score (Shevchenko et al., 2001). These results are 






Table 3.1 Peptide sequences from Q-TOF analysis 
Sample ID Precursor:m/z  Sequence 
M1 529.32, +2 TALVEGLAGAR     TALVEGLAQR 
 495.29, +2 SELETALAGV        SELETALAR 
 658.35, +2 EATPTNTPELDK 
 609.3, +2 MVAGEVPETLR 
 578.8, +2 ALDLLDQAAAR 
 647.38, +2 NNPVLLGEPAAAK 
   
M2 None None 
   
M3* 712.33, +2 VLEEATNYLDEK 
 857.35, +2 ZZAGAAFGNHAGFAAHGK 
where “ZZ” is (ET) or DD 
 731.33, +2 GAGTFEFLYEDGR 
 1131.57, +2 [K/Q]EPVV[F/M]PLAAG 
   
M4 474.76+2 LPTDEAFR 
 514.31+2 RALLGARDR     RALLGADRR 
 511.27+2 AVVDKPMFPQDLR     VAVDKPMFPQDLR 
   
M5 472.25+2 AGDLTPLEK 
 519.75+2 NYTLVDGEK 
 464.27+2 TRPVLWR 
 527.8+2 WVGVDPLLR    WVGVPDLLR    WRVDPLLR    
ADVGVPDLLR 
 707.88+2 DTLNLGLSEDLPK    ESLNLGTVEDLPK    
ESLNLGLSEDLPK   SELNLGTVEDLPK   
SELNLGLSEDLPK   DTLNLGTVEDLPK 
 609.33+2 YADVRPDLLR    YADVGVPDLLR 
   
M6* 797.43, +2 ZZTDLFAEYFVVR 
where ZZ is probably (YA) but may also be (FS) 
 712.41, +2 LGLEAAYPPFAFK 
 686.35, +2 TAFAGNGVK 
 839.50, +2 LLWSVPETLTYLSR 
   
M7 599.35+2 LALELPGVETR 
 442.24+2 LFDDAFR 
 762.92+2 ALNLPDDANQDTLK 
 392.69+2 MDLDFK    HTHDFK 
 900.99+2 SGLEEQKTASSALPVKR   
GSLEEQKTASSALPVKR  
SGLEQEKTASSALPVKR   
GSLEQEKTASSALPVKR 
 554.79+2 DGVLTLTFDK   TVALTLTFDK   ATVLTLTFDK   
TAVLTLTFDK 
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 456.7+2 MDLDQFK 
   
M8 572.36+2 LALTGASGQLGR     LALTGASGQVAR 
 458.28+2 VTDLGVGVR     VTDLGVVGR 
 440.74+2 QLFDDSR 
 425.24+3 VVYTSVLSHLR    VVYTSVLHSLR 
   
U1 576.26+2 AFAEDAEATVK 
 662.83+2 SLYEVSLVDTAK 
 457.26+2 EDLNVPVK 
   
U2 526.2+3 ADAAAQSESSAKELAK 
 545.3+2 LLPQEQYAK 
 474.2+2 SEWADLAR   DTWADLAR    ESWADLAR   
TDWADLAR 
   
U3 606.87+2 SNALNANLGNPK 
 547.2+2 TNASTEFAPR 
   
U4  Flagellin protein from Pseudomonas oleovorans 
   
U5  Isocitrate dehydrogenase from Pseudomonas 
aeruginosa PAO1 
   
U6  C4-dicarboxylate-binding protein from P. aeruginosa 
PAO1 
   
U7 384.67+2 MDLDFK 
 442.21+2 LFDDAFR 
 546.78+2 DGVLTLTMDK 
 554.76+2 DGVLTLHEPK 
 566.32+2 GFGFPALAVPR 
 599.3+2 LALELPGVEEK 
 764.4+2 ALNLPDDANQDTLK 
   









3.3 N-terminal sequencing of unidentified up-regulated proteins 
The two protein spots U2 and U3 that were unidentified by MALDI-TOF and Q-TOF 
MS were subjected to N-terminal sequencing. The N-terminal sequences that were 
obtained were edited accordingly (Shevchenko et al., 2001) and subjected to database 
searches using MS BLAST. The 12 N-terminal amino acid sequences of U2 shared 
91% identity with a hypothetical protein from P. aeruginosa PAO1 whereas the 11 N-
terminal amino acid sequences of U3 shared 90% identity with a leucine-, isoleucine-, 
valine-, alanine-, and threonine-binding protein (LIVAT-BP) precursor from P. 
























Table 3.2 A   N-terminal sequencing data for protein U2 
Cycle  Major signal Minor signal 
1 E - 
2 G - 
3 T - 
4 D - 
5 L - 
6 Q - 
7 A - 
8 L - 
9 E - 
10 Q - 
11 A - 
12 A - 
13 R - 
14 A - 


















Table 3.2 B  N-terminal sequencing data for protein U3 
Cycle  Major signal Minor signal b 
1 - c - 
2 (D)a - 
3 N - 
4 I - 
5 K (V) a 
6 I - 
7 G - 
8 L - 
9 A - 
10 G - 
11 P - 
12 V - 
13 T - 
14 G - 
15 A - 
 
a.  ( ) = tentative call 
b.  In decreasing order of amount 
c. The first cycle could not be called because of high background. These background 
contaminants are commonly found at the 1-2 pmol level in the first cycle, particularly 
with gel eluted samples. This also affects the second cycle, but to a lesser extent, and 








Table 3.3   Identification of proteins by MALDI-TOF, Q-TOF MS analysis and N-terminal sequencing  
 
Identified by MALDI-TOF and 
subjected  to MS-FIT search  
Identified by Q-TOF and subjected 
to MASCOT search  
Identified by Q-TOF and subjected to MS-
BLAST search  
Identified by N-terminal sequencing 
and subjected to MS-BLAST search  Spot 
No. 
I.P.a Org.b I.P.a Org. b I.P. a Org. b I.P. a Org. b 
         
M1 n.i. c  n.i.  Chaperone-associated ATPase P.
 eputida KT2440   
M2 n.i.  n.i.c, d      
M3 n.i.  n.i.  biotin carboxylase P. aeruginosa   
M4 n.i.  n.i.  Ubiquinol-cytochrome C reductase 
Streptomyces 
coelicolor A3(2)   
M5 n.i.  n.i.  Gentisate 1, 2-dioxygenase. Ralstonia sp. U2   
M6 n.i.  Amino acid-binding protein 
P. putida 
KT2440     
M7 n.i.  n.i.  
Putative small heat 
shock protein, hsp20 
family 
Sinorhizobium 
meliloti   
M8 n.i.  n.i.  gene: "ORF1"; P. sp.   
U1 n.i.  n.i.  Phosphoglycerate kinase P. putida KT2440   
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U3 n.i.  n.i.  No significant positive identity  LIVAT-BP
f P. aeruginosa PA01 
U4 n.i.  flagellin P.oleovorans     






PA01     
U6 n.i.  C4-dicarboxylate-binding protein 
P.aeruginosa 
PA01     
U7 n.i.  n.i.  HspF Bradyrhizobium aponicum   
a I.P. identified protein. b Org. organism. c   n.i. not identified. d Q-TOF Ms analysis did not yield any amino acid sequence. e P. Pseudomonas. f Leucine-, isoleucine-, valine-, 






3.4    Discussion 
In this study, the proteome profiles of P. alcaligenes P25X wild-type and mutant strain 
G56 grown in the presence and absence of gentisate were investigated.  Eight proteins 
were found to be induced de novo and seven were up-regulated in strain G56 cells 
grown in lactate and induced with gentisate. Data obtained from MALDI-TOF and Q-
TOF MS as well as N-terminal sequencing enabled us to identify 14 of the 15 proteins.  
Of the proteins that have been characterized, M5 is of particular interest. Results of Q-
TOF MS analysis of two tryptic peptide fragments of M5 revealed sequences that were 
highly homologous with gentisate 1,2-dioxygenase from Ralstonia sp. U2 (Zhou et al., 
2001). Since G56 did not express constitutive GDO-I (Yeo et al., 2003), this indicates 
the high likelihood that M5 is the strictly inducible GDO-II. As most of the genes 
involved in gentisate catabolism have not been characterized, the availability of amino 
acid sequences from this study would enable reverse genetics to be carried out. This 
would not only enable us to validate if M5 is truly GDO-II, but also to investigate if 
other proteins that only showed identity with hypothetical ORFs of unknown function 
(in particular, M8 and U2) could also be involved in gentisate catabolism. Similarly, 
any possible involvement of M3 and M4 (that were identified as biotin carboxylase 
and ubiquinol-cytochrome C reductase, respectively) in gentisate catabolism, could be 
further investigated. 
It is also interesting to note that one of the proteins U5 that was up-regulated in the 
presence of gentisate was identified as isocitrate dehydrogenase that catalyzes the 
conversion of isocitrate to 2-oxoglutarate and CO2 with the concomitant reduction of 
NADP to NADPH in the TCA cycle. Gentisate degradation via the gentisate pathway 
leads to the formation of malate and pyruvate that are channeled directly into the TCA 
cycle; thus, it would appear that growth on gentisate could result in the increased 
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expression of an enzyme in the central metabolic pathway as well.  
Another up-regulated protein, U1, was identified as phosphoglycerate kinase (PGK) 
which catalyzes the conversion of 3-phosphoglycerate to 3-phospho-D-glycerol 
phosphate and the production of ATP. Mutants of P. aeruginosa defective in PGK 
were unable to grow on gluconeogenic precursors such as glutamate, succinate or 
lactate (O’ Brien, 1975). An increase in the levels of PGK observed could be due to an 
increase in the concentrations of pyruvate and oxaloacetate arising from the 
degradation of gentisate. In addition, lactate that is supplied in the growth medium may 
be converted into pyruvate as well. 
We also found that growth of P. alcaligenes in gentisate induced the synthesis of heat 
shock proteins, in particular the Hsp20 and HspF family (proteins M7 and U7, 
respectively). Several studies have shown that when bacteria such as E. coli (Jenkins et 
al., 1988; Groat et al., 1986) and P. putida (Dirk and Wolfgang, 1999) were subjected 
to adverse conditions such as exposure to pollutants, nutrient limitations and 
temperature extremes, stress response proteins were synthesized to enhance cellular 
survival (Lupi et al., 1995; Vecellone-Smith et al., 1997). The identification of M1 as a 
chaperone-associated ATPase may be part of another adaptation strategy employed by 
P. alcaligenes in response to the presence of gentisate. Some chaperones such as DnaK 
or GroEL which protects the cell against toxic effects (Benndorf  et al., 1999; Blom et 
al., 1992) are known to possess a peptide-dependent ATPase (Ellis and Hemmingsen, 
1989; Georgopoulos et al., 1994; Hendrick and Hartl, 1993), while others, such as 
SecB and Hsp90, can recruit an assistant ATPase such as SecA and Hsp70, 
respectively (Ellis and Hemmingsen, 1989; Georgopoulos et al., 1994; Hendrick and 
Hartl, 1993).  
Induction by gentisate also appeared to result in the up-regulation of a protein 
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identified as flagellin (U4) in P. alcaligenes. Chemotactic responses are known to 
allow motile microorganisms to rapidly move towards a microenvironment optimal for 
their growth and survival (Alexandre and Igor, 2001). For bacteria that are capable of 
utilizing aromatic hydrocarbons as sources of carbon and energy, these substrates may 
serve as chemoattractants as well. Aromatic hydrocarbons such as benzoate, 4-
hydroxybenzoate and salicylate have indeed been reported to serve as chemoattractants 
for P. putida PRS2000 (Harwood et al., 1984), as benzene and ethylbenzene are for P. 
putida F1 (Rebecca et al., 2000) and naphthalene for P. putida G7 (Grimm and 
Harwood, 1997; Marx and Aitken, 1999; Samanta and Jain, 2000). Whether there is 
any relationship between the observed gentisate-induced up-regulation of flagellin in P. 
alcaligenes and the chemotactic response and motility would require further 
investigations.  
Several periplasmic proteins were identified in this study. Membrane located proteins 
were observed in the 2D-PAGE gels as the procedure employed in this study extracts 
the total proteome and did not select against the membrane proteins, hence, the finding 
of membrane proteins in the analysis. M6 was identified as a periplasmic basic amino 
acid-binding protein whereas U3 shared N-terminal sequence identity with a leucine-, 
isoleucine-, valine-, alanine-, and threonine-binding protein (LIVAT-BP) precursor. 
These proteins are components of bacterial binding-protein (BP)-dependent solute 
transport systems (Forward et al., 1997) and were found to participate in the transport 
of amino acids (Hoshino and Kose, 1989). In P. aeruginosa, the LIVAT-BP transport 
system mediates the transport of branched-chain amino acids (Hoshino and Kose, 
1989). Periplasmic BPs of Gram-negative bacteria are commonly involved in the 
transport of, and chemotaxis towards substrates such as sugars, amino acids, peptides, 
ions and vitamins (Richarme and Caldas, 1997). The increased expression of 
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periplasmic BPs in P. alcaligenes P25X suggests that P25X may physiologically adjust 
the transport systems located on the cell membrane to facilitate or restrict the vectorial 
movement of nutrients or toxic compounds across the cell membrane, or these 
transport systems may function as part of the putative chemotactic responses towards 
gentisate. 
Another periplasmic protein that was observed to be up-regulated was U6 which was 
identified as the periplasmic C4-dicarboxylate-binding protein (DctP). Substrate 
binding proteins are essential components of bacterial binding protein-dependent 
transport systems, which essentially comprise both periplasmic and membrane-bound 
components (Ames, 1988). DctP binds succinate, malate and fumarate as physiological 
substrates (Walmsley and Shaw, 1992) and has been extensively characterized with 
respect to its ligand binding kinetics and conformational thermodynamics (Walmsley 
and Shaw, 1992; Walmsley et al., 1992). The increased levels of DctP seen in cells 
induced with gentisate are postulated to be linked to gentisate degradation through the 
interaction with TCA cycle intermediates such as malate and fumarate. 
 
3.5 Concluding remarks 
Taken as a whole, this study shows that P. alcaligenes P25X cells, when grown in the 
presence of the aromatic inducer gentisate, undergo significant physiological changes 
as reflected in their protein profiles. These changes include not only the induction of 
catabolic enzymes, such as the inducible GDOII which is directly involved in the 
degradation of gentisate, but also the induction of stress proteins and membrane 
proteins. This study also demonstrates that characterization of the proteome of 
organisms with unknown genomes can be carried out by a combination of PMF data 
from MALDI-TOF and Q-TOF as well as data obtained from N-terminal sequencing.  
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The use of proteomics and combined protein identification strategies demonstrates the 
usefulness of this approach as a powerful tool for further investigations of the 
mechanisms employed by bacteria to degrade aromatic hydrocarbons and the 
associated physiological responses. This overcomes the tedious classical approach 
involved in gaining an understanding of pathway enzymes employed in degradation of 
aromatic hydrocarbons. The discovery of M5 protein is such an example. These data 
would enable us to further characterize the genes and proteins involved in gentisate 
degradation through reverse genetics, a focus of our current on-going research. This, in 
turn, would ultimately lead to a better understanding of the gentisate degradative 
pathway and the P. alcaligenes cellular response towards aromatic hydrocarbons, with 







Proteome investigation of the global regulatory role of σ54 in response to gentisate 
induction in Pseudomonas alcaligenes NCIMB 9867 
 
4.1 Introduction 
The bacterial degradation of aromatic hydrocarbons involves complex regulatory 
circuits. Some of these regulatory circuits utilize different sigma (σ) factors. In bacteria, 
the σ subunit is required for promoter recognition and initiation of transcription (Gross 
et al., 1998). Several σ factors are often present in bacterial genomes and each of them 
provides a different specificity to the RNA polymerase and thus, the ability to initiate 
transcription from different sets of promoters. σ54, encoded by rpoN, is unique in that it 
has a number of features which make it greatly different from the other σ factors 
(Merrick, 1993). Not only is σ54 not related in sequence with the other σ factors, it has a 
totally different mechanism of transcription initiation and requires the participation of a 
transcription activator which binds specific sequences (known as upstream activating 
sequences, or UAS) that are located in a relatively remote position from the transcription 
start site (Gross et al., 1998; Merrick, 1993). The σ54 factor enables RNA polymerase to 
initiate transcription from a class of –24/–12 promoters that differ considerably from the 
vegetative –35/–10 promoter (σ70-dependent). 
Despite being initially identified as a σ factor required for the transcription of 
nitrogen-regulated genes in Escherichia coli and other Gram-negative bacteria (Beynon 
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et al., 1983; Merrick, 1983; Hirschman et al., 1985), a number of different and disparate 
genes in prokaryotes are now known to be transcribed from σ54-dependent promoters. 
Among these diverse functions, there are genes involved in transport and metabolism of 
different nitrogen and carbon sources, energy metabolism (Lenz et al., 1997), RNA 
modification (Genschik et al., 1998), chemotaxis, development, flagellation, electron 
transport, response to heat and phage shock (Weiner et al., 1991), as well as the 
expression of alternative σ factors (Barrios et al., 1999; Kustu et al., 1989; Merrick, 
1993; Studholme & Buck, 2000). In Pseudomonas putida, genes for the catabolism of 
aromatic hydrocarbons such as m-xylene and toluene (Ramos et al., 1997), as well as 
phenols (Shingler et al., 1993), are often placed under the control of σ54-dependent 
promoters. Recently, computational analysis of the P. putida KT2440 genome sequence 
predicted the presence of 46 σ54-dependent promoters controlling the expression of 
diverse genes that ranged from their involvement in carbon and nitrogen metabolism to 
flagella and motility (Cases et al., 2003). Up to 22 proteins were identified as possible 
σ54-dependent activator proteins, a number that is higher than the 13 discovered in the E. 
coli genome and identical to the 22 found in P. aeruginosa and served to underline the 
importance of σ54 in the global expression of genes in prokaryotes (Cases et al., 2003). 
Pseudomonas alcaligenes NCIMB 9867 (strain P25X) is a soil bacterium capable of 
degrading xylenols, cresols as well as their methylated and halogenated derivatives via 
the gentisate pathway, one of the three main pathways in bacterial aromatic 
hydrocarbon degradation (Hopper & Chapman, 1971). P. alcaligenes P25X is known 
to harbour isofunctional genes for the gentisate pathway, one set being constitutively 
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expressed whereas the other set is strictly inducible by aromatic substrates (Poh & 
Bayly, 1980). We have cloned the gene encoding the constitutively-expressed gentisate 
1,2-dioxygenase, xlnE, an enzyme that catalyzes the oxidative cleavage of the gentisate 
aromatic ring and is the key reaction in the gentisate pathway (Yeo et al., 2003). xlnE 
was found to be part of an operon that comprises six genes and is transcribed from a 
σ70-dependent –35/–10 promoter (Yeo et al., 2003). Our recent study had shown that 
when an xlnE knock-out strain of P25X was grown in the presence of gentisate, 
significant physiological changes, as reflected in their protein profiles, were observed 
(Zhao et al., 2003). These changes include not only the induction of catabolic enzymes 
(such as the strictly inducible gentisate 1,2 dioxygenase) and some downstream 
enzymes of gentisate degradation (e.g., isocitrate dehydrogenase), but also the 
induction of stress proteins (heat-shock proteins and chaperone-associated ATPases), 
membrane proteins and flagellin protein (Zhao et al., 2003).  
To investigate the role of σ54
 
in gentisate degradation in P. alcaligenes P25X, the rpoN 
gene which encodes for σ54
 
in P25X is cloned and an rpoN knock-out strain is created. 
Here, we report on the comparative analysis of the proteome profiles of P25X 
wild-type and its rpoN knock-out derivative, G54, when induced with gentisate.  The 
identification, using MALDI-TOF/TOF, of proteins that showed differential 
expression in the wild-type strain when compared to the σ54 mutant is presented and 
the implications of the results, discussed.  
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4.2 Global role of σ54 in gene expression of P. alcaligenes P25X as revealed by 
proteome profiles 
Proteins extracted from P25X wild-type and G54 cells grown in minimal media 
containing 20 mM lactate were separated by 2-D PAGE across the pH range 4 – 7. The 
resulting gels are shown in Figs. 4.1A and 4.1B. Quantitative analysis of the 355 most 
prominent spots revealed well-defined changes in the intensity of many distinct 
polypeptides due to the insertional inactivation of the rpoN gene.  
Expression of 33 out of the 355 protein spots displayed in the 2D gels of P25X 
wild-type (or 9.3%; marked by circles in Fig. 4.1A) were observed to be missing in the 
σ54 mutant strain G54 (Fig. 4.1B). This result was similar to that obtained for P. putida 
when proteome profiles of the wild-type and rpoN mutant strains were compared and 
close to 10% of wild-type reference proteins were completely undetected in the rpoN 
mutant background (Cases et al., 2001). A further 37 protein spots were 
down-regulated by more than 2-fold in extracts of G54 when compared to P25X 
wild-type (marked by squares in Fig. 4.1A and 4.1B). These results evidenced the 
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P25X wild-type σ54 mutant G54 
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Figure 4.1 (Continue)  
 
              











Figure 4.1 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type and σ54 mutant G54 cells grown in minimal media 
containing 20 mM lactate (A and B) and induced with 2.5 mM gentisate (C and D). Gels were stained with Coomassie blue. Protein spots 
missing from the mutant G54 cells were marked by circles whereas down-regulated spots in the G54 cells and the corresponding spots in P25X 
wild type cells were marked by squares. Protein spots designated with the prefix “M” represented induced de novo proteins that were detected 
only in gels of wild-type gentisate-induced cells whereas spots designated with the prefix “Uw, Um or U” signified proteins that were 
up-regulated only in gentisate-induced wild type cells (“Uw”), mutant G54 cells (“Um”) or both (“U”). Although protein spots with the prefix 
“U” were up-regulated in both wild-type and mutant G54 cells, the expression levels appeared higher in wild-type cells compared to the mutant 
cells. The criteria for an up-regulated protein spot was an at least two-fold increase in intensity of the spots in an induced sample when 




P25X wild-type σ54 mutant G54 
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4.3 The proteome profiles of P. alcaligenes P25X compared with the σ54 mutant, 
G54, in response to gentisate induction 
To investigate if σ54 plays an important role in the P. alcaligenes response to gentisate 
induction, protein extracts from P25X wild-type and mutant G54 cells that were 
induced with 2.5 mM gentisate were separated on 2-D PAGE gels (pH range from 4 – 
7) and compared (Fig. 4.1C and 4.1D). One group of 20 protein spots (designated M1 
– M20 in Fig. 4.1C) was observed only after gentisate induction in the P25X wild-type 
background but not in G54. In another group of 9 protein spots (designated Uw1 – 
Uw9 in Fig. 4.1A and 4.1C), expression levels were found to increase by more than 
2-fold following gentisate induction in the wild-type. Since these protein spots were 
not observed in mutant G54, their expressions could be considered to be 
σ54-dependent.  
Another 4 protein spots (designated U1 – U4 in Fig. 4.1A – D) appeared to have higher 
expression levels (≥ 2-fold) in P25X than in G54 when the cells were induced by 
gentisate (comparing Fig. 4.1 C and D), suggesting that their up-regulation may 
involve σ54-dependent regulatory proteins. Interestingly, 6 protein spots (designated 
Um1 – Um6 in Fig. 4.1 B and D) were up-regulated in response to gentisate induction 






4.4 MS identification of proteins affected by σ54 in response to gentisate induction 
Results of MALDI-TOF/TOF analyses of the 39 spots (i.e., M1 – M20, Uw1 – Uw9, 
U1 – U 4 and Um1 – Um6) that showed differential expression in the wild-type host 
when compared to the σ54 mutant, G54, are summarized in Table 4.1. The majority of 
these protein spots were identifiable based on sequence similarities with proteins of 
assigned functions in other microorganisms. Three of these protein spots (M13, M14, 
and Um6) were unidentifiable as their sequences were only found to match 
hypothetical proteins of unknown functions. The identified proteins could be broadly 
classified under five categories as follows: 
 
(1) Carbon metabolism-related enzymes 
The largest group of proteins affected by the mutation in rpoN in response to gentisate 
induction was related to carbon metabolism. The expression of eleven of these proteins 
were σ54-dependent and eight of them (M2, M9, M10, M12, M15, M16, M18, and 
M20) were identified only in wild-type cells that were induced with gentisate whereas 
the remaining three (Uw1, Uw3, and Uw8) had their expression levels increased when 
the wild-type cells were induced with gentisate. Another three proteins (Um2, Um3, 
and Um4) were up-regulated only in the rpoN mutant that was induced with gentisate, 






Table 4.1 List of proteins isolated from 2-DE gel of protein extracts of P25X wild 
type and G54 mutant which were identified by mass spectrometry 
 
Description Spot ID Mr 
(kDa) 
pI Score 
Identified protein Organism 
M 1a)    chaperone-associated ATPase P.b) putida KT2440 
M 2 a)    gentisate 1, 2-dioxygenase Ralstonia sp. U2 
M 3 a)    putative small heat shock protein, hsp20 family Sinorhizobium meliloti 
M 4 28.3 6.71 95 heat shock factor protein 7 (HSF 7) Arabidopsis thaliana 
M 5 59.0 5.09 153 putative component of α subunit of  NQRc) Parachlamydia sp. 




M 7 66.7 5.76 78 outer membrane efflux protein. P. putida KT2440 
M 8 a)    ABC transporter, periplasmic binding protein P. putida KT2440 
M 9 26.7 6.59 67 succinate dehydrogenase P.syringae pv. 
M 10 53.3 5.36 92 p-hydroxybenzaldehyde dehydrogenase P. putida 
M 11 103.5 6.47 563 chaperone-associated ATPase P. aeruginosa UCBPP-PA14 
M 12 64.5 6.38 67 probable acyl-CoA dehydrogenase P. aeruginosa PA01 
M 13 80.5 6.91 100 hypothetical protein P. syringae pv. 
M 14 71.2 6.23 88 hypothetical protein P. fluorescens PfO-1 
M 15 a)    biotin carboxylase P. aeruginosa 
M 16 a)    malate dehydrogenase P. aeruginosa PA01 
M 17 104.7 5.84 360 chaperone-associated ATPase P. putida KT2440 
M 18 50.4 6.48 378 lipoamide dehydrogenase-glc P. aeruginosa PAO1 
M 19 45.1 5.74 192 serine hydroxymethyltransferase P. fluorescens PfO-1 
M 20a)    phosphoglycerate kinase P. putida KT2440 
Uw 1 a)    isocitrate dehydrogenase P.aeruginosa PAO1 
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Uw 2 43.8 5.22 340 translation elongation factor Tu P. putida KT2440 
Uw 3 72.0 6.39 111 lipase precursor P. fluorescens 
Uw 4    not identified  
Uw 5 57.0 5.03 500 chaperonin GroEL (HSP60 family) Azotobacter vinelandii 
Uw 6 a)    LIVAT-BPd) P. aeruginosa PAO1 
Uw 7 20.9 6.84 169 Hsp F Bradyrhizobium japonicum 
Uw 8 39.9 5.8 171 alcohol dehydrogenase, class III P. aeruginosa PAO1 
Uw 9 a)    flagellin P.oleovorans 
U 1 a)    C4-dicarboxylate-binding protein P.aeruginosa PAO1 
U 2 a)    amino acid-binding protein P. putida KT2440 
U 3 40.6 6.01 142 beta-ketothiolase P. putida KT2440 
U 4 49.2 5.40 202 flagellin P. aeruginosa PA01 
Um 1 21.5 5.44 207 superoxide dismutase P. syringae pv. 
Um 2 50.2 6.13 143 lipoamide dehydrogenase-glc P. putida 
Um 3 34.5 5.42 99 fructose-1,6-bisphosphatase I Rhodobacter 
sphaeroidesJ138 
Um 4 19.2 4.77 193 inorganic pyrophosphatase P. syringae pv. 
Um 5 23.5 5.34 106 chemotaxis histidine kinase Bdellovibrio bacteriovorus 
Um 6 39.8 4.72 102 hypothetical protein P. aeruginosa PA01 
 
a)spots were similarly identified in previous work (Zhao et al., 2004); b)P. Pseudomonas; 
c)NQR: Na+-translocating NADH-quinone reductase; d)LIVAT-BP: Leucine-, isoleucine-, 








Two of the σ54-dependent proteins were identified as aromatic hydrocarbon catabolic 
enzymes: M2 shared sequence similarities with the Ralstonia sp. U2-encoded gentisate 
1,2-dioxygenase and has been proposed to be the strictly inducible copy of gentisate 
1,2-dioxygenase in P. alcaligenes P25X (Zhao et al., 2004), whereas M10 was 
identified as a homologue of the P. putida-encoded p-hydroxybenzaldehyde 
dehydrogenase that catalyzes the oxidation of 4-hydroxybenzaldehyde to 
4-hydroxybenzoate in the toluene degradation pathway. However, P. alcaligenes P25X 
is not known to degrade toluene and M10 is instead postulated to be the aldehyde 
dehydrogenase that acts on 3-hydroxy 4-methylbenzaldehyde, the intermediate in the 
degradation of 2,5-dimethylphenol (2,5-xylenol) via gentisate.  
Degradation of dimethylphenols and gentisate via the gentisate pathway leads to the 
formation of malate and pyruvate that are channeled directly into the TCA cycle 
(Hopper et al., 1971). Thus, growth of P25X cells in gentisate would result in 
increased expressions of enzymes in the central metabolic pathways (Zhao et al., 2004). 
Out of the eleven σ54-dependent proteins, three were involved in the TCA cycle: M9 
was identified as succinate dehydrogenase that catalyzes the oxidation of succinate to 
fumarate and is a membrane-bound flavin enzyme that transfers electrons directly to 
quinone in the respiratory chain; M16 shared sequence similarities with malate 
dehydrogenase that catalyzes the conversion of L-malate to oxaloacetate with electrons 
from the oxidation reaction being transferred to NAD+; and Uw1 was identified as 
isocitrate dehydrogenase that catalyzes the oxidation of isocitrate to α-ketoglutarate 
and CO2 with the concomitant reduction of NADP+ to NADPH.  
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The mutation in rpoN also appeared to affect enzymes involved in pyruvate 
metabolism. M18, which was expressed only in the induced wild-type cells, and Um2, 
which was up-regulated only in the induced rpoN mutant cells, were both identified as 
lipoamide dehydrogenase (LPD). This enzyme is part of the pyruvate dehydrogenase 
complex that catalyzes the oxidation of pyruvate to acetyl-CoA and CO2 during 
aerobic growth. In Listeria monocytogenes, mutation in the rpoN gene also led to 
up-regulation of not only the enzymes of the pyruvate dehydrogenase complex, but 
other enzymes involved in pyruvate metabolism such as pyruvate formate lyase, 
alanine dehydrogenase and lactate dehydrogenase (Arous et al., 2004). It was 
suggested that the lack of σ54 directly modifies the phosphotransferase system, which 
in turn affects the pyruvate to phosphoenolpyruvate ratio as the reaction where 
phosphoenolpyruvate is converted to pyruvate is the first step of the phosphorylation 
cascade in the system (Arous et al., 2004). The enzymic complex of pyruvate 
dehydrogenase in L. monocytogenes is organized as a single transcriptional unit of four 
genes, pdhABCD, the expression levels of which were found to increase by two- to 
threefold in an rpoN mutant (Arous et al., 2004). However, P. putida is known to 
produce three lipoamide dehydrogenases – LPD-val, which is the specific component 
of the branched-chain keto acid dehydrogenase complex, and LPD-glc and LPD-3, 
both of which are components of the α-ketoglutarate dehydrogenase and the pyruvate 
dehydrogenase complexes. The gene for LPD-glc is part of the α-ketoglutarate 
dehydrogenase operon but is able to be expressed separately from the other genes of 
the operon (Palmer et al., 1991a) whereas the gene for LPD-3 is not part of any operon 
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(Palmer et al., 1991b), a genetic organization of which is similarly found in the P. 
aeruginosa genome (PA1587 for LPD-glc and PA4829 for LPD-3 at 
http://www.pseudomonas.com). M18 gave a higher score (378) against LPD-glc of P. 
aeruginosa PAO1 when compared to Um2 (113) against the LPD-glc of P. putida, 
strongly suggesting that the P. alcaligenes genome may encode for more than a single 
LPD. As the expression of the M18 LPD appeared to be dependent on σ54, induction of 
the rpoN mutant with gentisate led instead to the up-regulation of the Um2 LPD, 
indicating that an analogous gene organization of LPDs in other Pseudomonas sp. may 
also be found in P. alcaligenes P25X.  
Our previous study had shown that induction with gentisate led to the up-regulation of 
enzymes involved in gluconeogenesis and this was postulated to be due to an increase 
in the concentrations of pyruvate and oxaloacetate arising from the degradation of 
gentisate (Zhao et al., 2004). In this study, we find that the expression of 
phosphoglycerate kinase (protein spot M20) that catalyzes the conversion of 
3-phosphoglycerate to 3-phospho-D-glyceroyl phosphate may also be dependent on σ54. 
However, in the σ54-defective mutant, up-regulation of another gluconeogenic enzyme, 
fructose 1,6-bisphosphatase (protein spot Um3), was observed under gentisate 
induction. This enzyme catalyzes the conversion of fructose 1,6-bisphosphate to 
fructose 6-phosphate and is the penultimate step to the formation of glucose 
6-phosphate in the gluconeogenic pathway.  
Besides carbohydrate metabolism, enzymes involved in fatty acid metabolism were 
also found to be affected by the mutation in the P. alcaligenes-encoded rpoN. The 
 129
expression of acyl-CoA dehydrogenase (protein spot M12), that catalyzes the 
oxidation of acyl-CoA to ∆2-enoyl-CoA with the concomitant reduction of FAD to 
FADH2, is possibly dependent on σ54, whereas σ54 may be required in the 
up-regulation of 3-ketoacyl-CoA thiolase (protein spot U3), which is part of the fatty 
acid oxidation complex catalyzing the final reaction in the β-oxidation cycle 
(formation of acetyl-CoA and acyl-CoA from 3-ketoacyl-CoA and CoA). The 
oxidation of fatty acids provides a source of acetyl-CoA for the TCA cycle as well as 
the gentisate pathway, and thus it is not surprising that some of the enzymes involved 
in fatty acid oxidation are up-regulated when the P. alcaligenes cells are induced with 
gentisate.  
The degradation of gentisate into TCA cycle intermediates provides a ready supply of 
additional carbon; therefore induction of other biosynthetic enzymes besides enzymes 
of the gluconeogenic pathway were similarly observed in cells induced with gentisate. 
M15 was identified as biotin carboxylase, an enzyme that is part of the acetyl 
CoA-carboxylase multi-enzyme complex that catalyzes the initial step of fatty acid 
biosynthesis, i.e., the formation of malonyl-CoA from acetyl-CoA and HCO3-. Protein 
spot Uw3, up-regulated in wild-type cells, shared sequence similarities with a 
triacylglycerol lipase precursor from Pseudomonas fluorescens that is involved in the 
glycerol biosynthesis pathway. The dependency of some of these biosynthetic enzymes 
on σ54 is not without precedent. In P. putida KT2440, a long-chain-fatty-acid-CoA 
ligase was found to be part of an operon (PP2764 – PP2270) that is transcribed from a 
σ54-dependent promoter (Cases et al., 2003). 
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（2）Other proteins 
Uw8, a protein spot that is up-regulated only in wild-type P. alcaligenes in response to 
gentisate, shared sequence similarity with a P. aeruginosa-encoded alcohol 
dehydrogenase class III, a multifunctional enzyme that catalyzes the oxidation of 
ethanol to acetaldehyde with the concomitant reduction of NAD+ in ethanol 
degradation and also catalyzes the reverse reaction (i.e., acetaldehyde to ethanol) in 
mixed acid fermentation pathways during anaerobic growth. Besides that, class III 
alcohol dehydrogenases also catalyze the glutathione-dependent conversion of 
formaldehyde to S-formylglutathione (described as glutathione-dependent 
formaldehyde dehydrogenase activity) and thus participate in detoxifying 
formaldehyde generated by oxidative demethylation of methylated compounds 
(Gutheil et al., 1992). A recent report showed that the enzyme, purified from E. coli, 
Saccharomyces cerevisiae and mouse macrophages, is also responsible for the 
metabolism of S-nitrosoglutathione and may play a crucial role in protecting cells 
against reactive nitrosants (such as N2O3 and NO/O2- -related species) (Liu et al., 
2001). It would be of interest to investigate the actual function(s) of the class III 
alcohol dehydrogenase in P. alcaligenes and whether it plays a direct, or more likely, 
an indirect role in gentisate degradation as no in-depth investigations into this enzyme 
has been reported for bacteria of the genus Pseudomonas. 
One of the protein spots found in extracts of P. alcaligenes wild-type cells induced 
with gentisate, M19, was identified as serine hydroxymethyltransferase, an enzyme 
involved in amino acid metabolism that catalyzes the cleavage of serine to glycine 
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with tetrahydrofolate acting as the C1 acceptor. This reaction is one of the major 
sources of C1 groups used in the biosynthesis of compounds containing methyl groups, 
purine ring biosynthesis, and thymidylate (Schrich et al., 1985).  
Um4, observed to be up-regulated only in the σ54 mutant, was identified as inorganic 
pyrophosphatase. This enzyme catalyzes the hydrolysis of pyrophosphate (PPi) to two 
orthophosphates and plays an important role in energy metabolism by providing a 
thermodynamic pull for biosynthetic reactions such as protein, RNA and DNA 
synthesis (Lahti, 1983). This up-regulation of pyrophosphatase in the presence of 
gentisate may be due to the inability of mutant strain G54 to up-regulate the expression 
of some biosynthetic enzymes that is dependent on σ54 and could perhaps be the 
response of the cells to drive some of the biosynthetic pathways forward.  
Seven protein spots were identified as heat-shock and stress-response proteins and 
most of them showed σ54-dependent expression in response to gentisate-induction. M3, 
M4, Uw5, and Uw7 were identified as proteins of the hsp20, HSF 7, Hsp60, and HSP 
F families, respectively, whereas M1, M11, and M17 were identified as 
chaperone-associated ATPases. We had proposed that the synthesis of these 
stress-response proteins is one of the important responses taken by P. alcaligenes 
P25X in reaction to gentisate induction (Zhao et al., 2004). The fact that five of these 
seven proteins (i.e., M1, M3, M4, M11, and M17) were identified only in the wild-type 
but not in the rpoN mutant demonstrated the importance of σ54 in the P. alcaligenes 
stress response. 
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One of the proteins that was up-regulated in mutant strain G54 in response to gentisate 
induction, Um1, shared sequence similarity with the Pseudomonas syringae-encoded 
superoxide dismutase. This enzyme is integral in the oxidative stress response and 
catalyzes the removal of superoxide radicals. As the expression of some of the 
bacterial stress response proteins are possibly impaired by the σ54 mutation, it would 
not be surprising to find the up-regulation of other stress response proteins instead as 
the bacteria adapts its defense strategies against the presence of toxic chemicals and 
other environmental stresses.  
Other proteins found to be induced or up-regulated from both the wild-type and mutant 
G54 can be categorized into proteins that are involved in cellular motility (Uw9 and 
U4 were identified as flagellin proteins), and membrane-associated proteins (M5 
shared sequence similarities with a component of the α-subunit of Na+-translocating 
NADH-quinone reductase, or NQR; M6 and M8 were identified as ABC transporter 
proteins; and M7 shared sequence similarities with an outer membrane efflux protein 
from P. putida KT2440; Uw6 was identified as a leucine-, isoleucine-, valine-, alanine-, 
and threonine-binding protein, or LIVAT-BP, precursor; U1 was identified as 
periplasmic C4-dicarboxylate-binding protein, or DctP; U2 was identified as 
periplasmic basic amino acid-binding protein). The identification of these proteins is 
consistent with our previous findings (Zhao et al., 2004) and demonstrated that σ54 
affected proteins involved in diverse functions.   
It is interesting to note that in this study, there were more protein spots that were 
identified for the gentisate-induced response in P. alcaligenes P25X when compared to 
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our previous study (33 as compared to 15) (Zhao et al., 2004).  Two points should be 
stated that differentiates this study from our previous report – here, we are focusing on 
the proteome profile of the wild-type P. alcaligenes P25X compared with its σ54 
mutant G54 whereas in our earlier report (Zhao et al., 2004), the focus was on the 
proteome profile of a P25X mutant, G56, constructed with a disruption in the 
constitutive gentisate 1,2-dioxygenease gene, xlnE. We also used the latest version of 
the ImageMasterTM program (ImageMaster 2D Platinum) for gel evaluation and data 
analysis and the 3D view of the spot intensity distribution afforded by this program 
enabled higher resolution and better separation of the protein spots as compared to an 
earlier version (ImageMaster v3.01) that was utilized in our previous study (Zhao et al., 
2004). Thirteen of the protein spots identified in our earlier study were similarly 
identified in this research (Table 4.1). The other two protein spots that were found in 
the previous study but were not detected here may either be a direct or indirect 
consequence of interrupting the expression of the constitutive gentisate 
1,2-dioxygenase gene, xlnE. 
 
4.5 Concluding remarks 
This study has demonstrated the extensive role that the alternative σ factor, σ54, plays 
in the global expression of genes in P. alcaligenes strain P25X. By focusing on the 
effect of gentisate induction on an rpoN insertion mutant of P25X, we were able to 
show the widespread function of σ54 in modulating the physiological and biochemical 
changes that P. alcaligenes undergoes in response to the presence of a toxic aromatic 
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compound which it can utilize as a carbon source. This study also offered a glimpse of 
how the P. alcaligenes rpoN mutant adapts to the inability to express or up-regulate 
certain proteins that are dependent on σ54 by up-regulating the expression of either 
other isofunctional enzymes or other enzymes that are involved within the same 
metabolic pathway instead. Induction with gentisate led to the expression of a 
σ54-dependent lipoamide dehydrogenase in P25X wild-type but in the rpoN mutant, 
up-regulation of another lipoamide dehydrogenase was observed. Induction with 
gentisate also led to the up-regulation of fructose 1,6-bisphophatase in the P. 
alcaligenes rpoN mutant as expression of another gluconeogenic enzyme, 
phosphoglycerate kinase, was repressed. Inorganic pyrophosphatase was also 
up-regulated in the rpoN mutant, possibly to drive biosynthetic reactions forward in 
compensation for the lack of expression of some σ54-dependent biosynthetic enzymes 
such as biotin carboxylase and serine hydroxymethyltransferase.  Along with our 
previous report (Zhao et al., 2004), the knowledge gained from this research adds to 
our understanding of the global response of P. alcaligenes P25X towards aromatic 
hydrocarbons, in particular the gentisate degradative pathway, and would help in 
harnessing the potential utility of this bacterium as well as others in bioremediation of 





Proteome analysis of heat shock protein expression in Pseudomonas alcaligenes 
NCIMB 9867 in response to gentisate induction and high growth temperature 
 
5.1 Introduction 
Exposure of indigenous microorganisms to physical stress and aromatic hydrocarbons 
is known to induce the synthesis of a set of proteins referred to as heat shock proteins 
(Hsps) in addition to catabolic enzymes. The majority of conserved Hsps with 
chaperone properties can be classified into six groups: Hsp100s, Hsp90s, Hsp70s, 
Hsp60s, Hsp40s and the small heat shock proteins (sHsp) (Morimoto, 1994). Within 
each Hsp family, a diversity of biological functions has been discovered (Schirmer et 
al., 1996). 
Classically, bacterial responses to various environmental conditions were studied 
independently. The most widely studied and best characterized of these responses is 
the heat shock response in various bacteria to high temperature (Georgopoulos et al., 
1993; Arsene et al., 2000; Schumann, 2003; Chhabra et al., 2006). In an analogous 
manner to stress induced by temperature increase, a large number of chemical agents 
were reported to induce Hsps or stress response proteins as well. Previous studies 
have shown that exposure to certain chemicals could stimulate the synthesis of Hsps 
in E.coli (Diamant et al., 2001), Delftia acidovorans MC1 (Benndorf and Wolfgang, 
2002), Pseudomonas putida KT2440 (Santos et al., 2004) and Pseudomonas putida 
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DOT-T1E (Segura et al., 2005), and some of these responses are chemically-specific. 
Different stress conditions have been known to activate the expression of a similar set 
of co-regulated “general stress response” proteins (Münchbach et al., 1999; Rosen et 
al., 2001). According to the nature of the stress, the bacterial response at the level of 
protein synthesis could be completely different and produce variations in the 
expressions of different sets of proteins. When comparing responses to phenol and 
catechol with the response to heat shock in Acinetobacter calcoaceticus, Benndorf, et 
al. (2001) reported commonly induced Hsp proteins, such as GroEl and DnaK, in all 
the three treatments; however, they also reported a considerable number of proteins 
that were specifically induced by only one kind of stress, such as HtpG and ClpB 
which were mainly induced by heat shock.  
The synthesis or the overexpression of Hsps allows bacteria to adapt and survive 
under adverse environmental conditions. Hsps that have chaperone activity play an 
important role in cell survival, and functions in processes such as protein renaturation, 
degradation or refolding of proteins after stress, preventing protein aggregations, 
ensuring proper protein targeting to membranes and even the control of 
protein-protein interactions (Ellis and Hemmingsen, 1989; Handrick and Hartl, 1993). 
Deficiencies in some of the hsp genes will usually lead to growth defects. Mutation in 
the htpG gene led to growth inhibition of Synechocystis sp. PCC6803 at 40oC; for 
Synechococcus sp. PCC7942, mutation in a sHsp-encoding gene (orf7.5) inhibited 
growth at 45oC (Fang and Bamum, 2003; Nakamoto et al., 2001). 
Pseudomonas putida DOT-T1E mutants, deficient in the synthesis of some 
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stress-related proteins such as CspA2, XenA, and Tuf-1, showed slower growth in the 
presence of toluene and were less tolerant of sudden toluene shocks than their parental 
strain (Segura et al., 2005). However, overexpression of groESL in Clostridium 
acetobutylicum and in Lactococcus lactis and Lactobacillus paracasei NFBC 338 
resulted in an increase in butanol tolerance (Desmond et al., 2004; Tomas et al., 
2003). 
Pseudomonas alcaligenes NCIMB 9867 (strain P25X) is a soil bacterium capable of 
degrading xylenols, cresols as well as their methylated and halogenated derivatives 
via the gentisate pathway, one of the three main pathways in bacterial aromatic 
hydrocarbon degradation (Hopper and Chapman, 1971). We have previously reported 
the global response of P25X wild-type and a σ54 knock-out mutant towards the 
aromatic substrate gentisate and showed that part of this response include the 
expression and up-regulation of a variety of stress-related proteins including Hsps 
(Zhao et al., 2004; 2005). In nature, microorganisms generally live in environments 
that do not provide optimal growth conditions, thereby leading to the cross-adaptation 
between growth temperature changes and responses to other kinds of stress. In 
practice, the soil temperature for bioremediation of aromatic hydrocarbon compounds 
can rise to above 42oC in the tropics. Thus, a proteome analysis of P25X grown on 
aromatic hydrocarbon substrates and at high growth temperature would enable us to 
have a better understanding of the P25X response towards these two environmental 
stresses, especially on the expression of Hsps and the genes encoding the gentisate 
degradative pathway enzymes. 
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5.2 Influence of high growth temperature on the expression of gentisate pathway 
genes in the presence of gentisate 
P. alcaligenes P25X cells, when grown in the presence of the aromatic inducer 
gentisate, undergo significant physiological changes as reflected in their protein 
profiles. The expression of membrane-associated proteins, flagellins, carbon 
metabolism-related enzymes and catabolic enzymes are some of the examples and 
these have been discussed extensively in our previous papers (Zhao et al., 2004 & 
2005).  
In this study, proteins extracted from gentisate-grown P25X cells at 32°C were 
compared with those at 42°C to investigate how the high temperature could affect the 
expressions of gentisate pathway genes (Fig.5.1 B and D). Diverse effects of growth 
at 42°C with gentisate induction on cellular functions, which included carbon 
metabolism, cellular motility or chemotaxis, material transport, and energy 
conservation or electron transfer were observed (data not showed). Interestingly, the 
two isofunctional gentisate 1,2 dioxygenases in P25X (spot M1 for GDOI; spot M2 
for GDO II; Fig. 5. 1 B) were found to be missing. This finding is in agreement with 
our previous observation that growth of P25X on 20 mM lactate at 42°C was 
observed but not when 2.5 mM gentisate was used as the sole carbon and energy 
source at 42°C (Poh, personal communication). The lack of expression of a positive 
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Figure 5.1 A) 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type grown in minimal media containing 20 mM lactate at 
32 °C. B) 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type grown in minimal media containing 20 mM lactate and 
induced with 2.5 mM gentisate at 32 °C. C) 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type grown in minimal media 
containing 20 mM lactate at 42 °C. D) 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type grown in minimal media 
containing 20 mM lactate and induced with 2.5 mM gentisate at 42 °C. Protein spots designated with the prefix “H” represented identified 





Hsps are known to express in response to a wide range of stress conditions. It was 
suggested that during heat-shock conditions, expression of genes for alternative 
carbon metabolism is possibly arrested as resources are channeled for the expression 
of Hsps that are necessary for the survival of the cell (Bukau and Horwich, 1998). In 
E. coli, cells synthesize high levels of Hsps, such as GroEL, DnaK, ClpB and Ef-Tu, 
comprising 5-10% of total cell protein when subjected to heat stress from 37 to 44°C. 
The Hsps were synthesized in vast molar excess over the other essential protein 
components of the translation machinery (Bhadula et al., 2001; Diamant et al., 2001). 
Thus, the detection of large numbers of Hsps but not catabolic enzymes indicated that 
induction of Hsps in P25X cells is the primary strategy for cell survival under stress 
conditions.  
 
5.3 Influence of gentisate, high growth temperature, and combined treatment of 
both on the expression of Hsps 
In order to understand the complementing defense mechanisms (mainly on the 
expression of Hsps) which takes place after a shift up in temperature in the presence 
of an aromatic compound, proteins extracted from P25X wild-type cells grown at 
32°C in MM containing 20 mM lactate were compared with those grown under three 
stringent growth conditions: i) induced with 2.5 mM gentisate at 32°C; ii) grown at 
42°C in minimal media (MM) containing 20 mM lactate; and iii) induced with 2.5 
mM gentisate at 42°C (Fig. 5. 1 A, B, C, D, respectively).  
When P25X was grown in lactate at 32°C, eight Hsps, identified as belonging to Hsp 
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70 (spot H6), Hsp60 (spots H7, H8, and H12), Hsp45 (spot H14) and sHsp (spots H17, 
H18, and H19) families, were detected (Tables 5.1 and 5.2). Under gentisate-induced 
conditions, the expression of three of these proteins (spots H8, H14, and H17) was 
up-regulated by at least two-fold. At the same time, five additional Hsps were 
identified – protein H1, H2 and H3, which belong to the Hsp100 family, and protein 
H15 and H16, which are members of the sHsp family (Tables 5.1 and 5.2).  
When comparing the proteome profiles of P25X cells grown at 32oC with those 
grown at 42oC overnight (Fig. 5. 1A and 5. 1C), a large number of non-heat shock 
proteins were observed to be down-regulated, consistent with observations from a 
previous study carried out with Agrobacterium tumefaciens (Rosen et al., 2002). Eight 
Hsps that were expressed in cells grown at 32oC were all up-regulated, with GroEL of 
the Hsp60 family (spot H8; Fig. 5. 1 C) being highly up-regulated by at least 10-fold. 
In addition, eight Hsps were expressed when P25X cells were grown at 42oC – four 
are members of the Hsp100 family (spots H1, H2, H3, and H4; Fig. 5. 1 C), three are 
Hsp60 types (spots H9, H10, and H11; Fig. 5. 1 C), and one sHsp (spot H15; Fig. 5. 1 
C). Four of these eight Hsps that were expressed only at 42oC were also expressed 
when P25X cells were induced with gentisate at 32oC (namely, spots H1, H2, H3, and 
H15; Table 5.2).  
The combined treatment of P25X by gentisate induction and high growth temperature 
showed a pleiotropic effect that was not observed from the examination of proteomes 
produced in response to each stimulus alone. Besides the 16 Hsps produced in 
response to growth at 42°C, two additional Hsps, namely protein H5 (Hsp90 family) 
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and protein H13 (Hsp60 family) were detected when cells were grown at 42°C and 
induced with gentisate (Table 5.2). 
Interestingly, protein H16, which was identified as a sHsp, was only expressed in 
P25X cells that were induced with gentisate at 32oC.  
 
5.4 Identification of P25X heat shock proteins 
The 19 Hsps that were identified by MALDI-TOF/TOF analyses is summarized in 
Table 1 and their expression levels under different growth conditions are listed in 
Table 2. The majority of these proteins were identified based on sequence similarities 
with proteins of assigned functions in other microorganisms. Their classification 
under six different Hsp families is based on their molecular mass. However, it should 
be pointed out that the results obtained from this study do not rule out the possibility 
of post-translational protein modifications, as multiple spots of the same gene product 
have been identified in the 2D gels of E. coli, B. subtilis, B. japornicum, and A. 











Table 5.1 List of Hsp proteins identified from 2-DE gel of protein extracts of 







Identified protein Organism 




H2  104.7 5.84 360 chaperone-associated ATPase P a). putida KT2440 
H3  104.6 5.75 563 chaperone-associated ATPase Desulfovibrio 
desulfuricans G20 
H4 95.1  5.34 366 ClpB protein P. aeruginosa PAO1 
H5  71.5 5.13 88 Molecular chaperone (HSP90 family) P. fluorescens PfO-1 
H6  68.9     4.93 430 DnaK protein P. putida KT2440 
H7 56.3     4.90 401 GroEL P. putida 
H8  57.0 5.03 500 Chaperonin GroEL (HSP60 family) Azotobacter vinelandii 
H9  55.5     4.91 110 Chaperonin GroEL (HSP60 family) P.aeruginosa 
UCBPP-PA14 
H10 56.8     4.97 276 Chaperonin, 60 kDa P. putida KT2440 
H11  55.3     4.90 492 Chaperonin GroEL (HSP60 family) Azotobacter vinelandii 
H12 56.9  5.26 
 
456 Chaperonin GroEL (HSP60 family) Azotobacter vinelandii 
H13 55.5 4.90 311 Chaperonin GroEL (HSP60 family) P. aeruginosa 
UCBPP-PA14 
H14 43.8 5.22 340 translation elongation factor Tu P. putida KT2440 
H15 19.1 5.80 107 putative small heat shock protein, hsp20 
family 
Sinorhizobium meliloti 
H16  28.3 6.71 95 heat shock factor protein 7 (HSF 7) Arabidopsis thaliana 
H17 20.9 6.84 169 Hsp F Bradyrhizobium 
japonicum 
H18  10.3 5.40 247 Hsp10 protein P. stutzeri 
H19  10.2  5.68 220 COG0234: Co-chaperonin GroES (HSP10) P. fluorescens PfO-1 






Table 5.2 Production of Hsps in P25X when the growth temperature was 
up-shifted from 32oC to 42oC in the presence and absence of gentisate as the 
aromatic inducer 
 
Growth condition Spot ID Hsp family 
32 °C 32 °C + 2.5 mM 
gentisate 
induction 
42 °C 42 °C + 2.5mM 
gentisate 
induction 
H1 Hsp 100 - + + + 
H2 Hsp 100 - + + + 
H3 Hsp 100 - + + + 
H4 Hsp 100 - - + + 
H5 Hsp 90 - - - + 
H6 Hsp 70 + + ++ ++ 
H7 Hsp 60 + + ++ ++ 
H8 Hsp 60 + ++ +++ +++ 
H9 Hsp 60 - - + + 
H10 Hsp 60 - - + + 
H11 Hsp 60 - - + + 
H12 Hsp 60 + + ++ ++ 
H13 Hsp 60 - - - + 
H14 Hsp 45 + ++ ++ ++ 
H15 sHsp - + + + 
H16 sHsp - + - - 
H17 sHsp + ++ ++ ++ 
H18 sHsp + + ++ ++ 
H19 sHsp + + ++ ++ 
(+) indicates detection of a protein, (++ or +++) indicates the relative increase of 
protein expression which is more than twofold during each of the stress conditions 





1) Hsp100 family 
Three proteins (spots H1, H2, and H3; Table 5.1) were identified as homologs of 
ATPases with chaperone activity. Their theoretical molecular masses of approximately 
104 kDa suggested that they belonged to the Hsp104 group, which is a subgroup of 
the Hsp100 family. All three protein spots were detected in extracts of P25X cells that 
were grown at 32oC and induced with gentisate. No changes were observed in their 
expression levels when P25X cells were grown at 42oC, with or without gentisate 
induction. Another protein H4 (Table 5.1) was identified as the ClpB protein, a 
subgroup of the Hsp100 family. H4 was only detected in extracts of cells that were 
grown at 42oC. Induction with gentisate at that temperature did not lead to any 
observable change in the expression level of protein H4.  
Hsp100 proteins are a family with a wide variety of functions, such as increased 
tolerance to high temperature through ATP-dependant disaggregation and unfolding 
for degradation, promotion of proteolysis of specific cellular substrates and even in 
the regulation of transcription (Schirmer et al., 1996).  All Hsp100 proteins that have 
been tested, including its subfamily members, are ATPases and contain at least one 
ATP binding site (Schirmer et al., 1996). Cell survival under severe thermal stress 
requires the activity of the ClpB (Hsp104) chaperone that solubilizes and reactivates 
aggregated proteins in concert with the DnaK (Hsp70) chaperone system (Weibezahn 
et al., 2004). Moderate ethanol concentration (6%) and heat treatment (40°C) 
individually have no effect on the viability of yeast ceils, but when combined they are 
deadly, unless cells can produce Hsp104 to overcome the stress (Lindquist et al., 
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1995). The synthesis patterns of ClpB-type Hsp100 subfamily proteins and their 
stress-related phenotypes are similar to those of Hsp104 and suggest similar functions 
(Schirmer et al., 1996). The expression of the Staphylococcus aureus ClpB is induced 
by heat and mutations in the gene encoding ClpB have been found to reduce chances 
of survival at high temperatures (Frees et al., 2004). In P25X, the expression of ClpB 
was similarly induced at high growth temperatures but the Hsp104 proteins were 
expressed when cells were either induced with gentisate or high temperatures. A 
similar observation of Clp holoenzyme responding to heat shock only under severe 
conditions but not under moderate stimuli was recently described in Corynebacteirum 
glutamicum (Engels et al., 2004). 
 
(2) Hsp90 family 
Protein H5, which was identified as a molecular chaperone of the Hsp90 family, was 
only detected in extracts of P25X cells that were grown at 42°C in the presence of 
gentisate (Table 5.1). The Hsp90 family is part of a powerful network of chaperones 
that function to prevent incorrect interactions of proteins (Nair et al., 1996).  
In E. coli, the homolog of the Hsp90 protein, HtpG, is a highly abundant molecular 
chaperone that serves to protect proteins from denaturation on temperature upshifts 
(Thomas and Baneyx, 2000). In addition to heat, htpG expression has been shown to 
be induced by treatments with a variety of chemicals including ethanol, 
2-Chlorophenol and phenol (Gage et al., 1993; Mason et al., 1999; Santos et al., 
2004). However, htpG gene expression following either a heat shock or a chemical 
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shock was dependent on the growth conditions prior to and during the stress (Mason 
et al., 1999). When E. coli cells were grown in minimal medium supplemented with 
glucose, htpG expression was either unaffected or was even repressed by imposing a 
heat or chemical stress condition (Mason et al., 1999). This result is in agreement with 
the non-detection of H5 when P25X cells were grown at 32°C, 32°C with gentisate 
induction and 42°C as the P25X cells were cultured in minimal media containing 20 
mM lactate.  
The htpG mutant of Synechocystis sp. PCC 6803 cells showed little growth 
disadvantage at 30 °C and 37 °C, but not at 40 °C (Fang and Barnum, 2003). This 
result suggested that Hsp90 is not required for the de novo folding of most proteins 
during growth at normal or mildly stress condition (Csermely et al., 1998). In our 
study, protein H5 was only detected under the combined treatment of 42°C and 
gentisate induction. This finding suggested that Hsp90 has a unique role in helping P. 
alcaligenes P25X to overcome severe stressful growth conditions.  
 
(3) Hsp70 family   
Protein H6, which was identified as the DnaK protein (a member of Hsp70 family), 
was detected under all four experimental conditions, but with an increased expression 
in P25X cells that were grown at 42°C (Table 5.1 and 5.2). Hsp70 chaperones are 
known to function in preventing protein aggregation and assisting in the refolding of 
misfolded proteins (Hartl, 1996). Under normal conditions, Hsp70 family members 
play essential roles such as helping to fold certain newly translated proteins, 
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disassembling oligomeric protein structures, facilitating proteolytic degradation of 
unstable proteins, guiding translocating proteins across organellar membranes, and 
controlling the biological activity of folded regulatory proteins (Hartl, 1996). Thus, it 
is not surprising to detect protein H6 in P. alcaligenes P25X grown under normal 
growth conditions and observing the increased expression at 42oC. In contrast to the 
data obtained with Burkholderia sp. YK-2 growing in 2,4-dichlorophenoxypropionic 
acid (2,4-DCPP) (Cho et al., 2000), we did not observe an increase of DnaK 
expression at 32°C in the presence of the aromatic hydrocarbon inducer - gentisate. 
However, our result is in agreement with the observation of no induction of the 
GroEL, DnaK and AhpC proteins when Delftia acidovorans MC1 cells were exposed 
to 2,4-DCPP and its metabolites (Benndorf and Wolfgang, 2002). Cho et al. (2000) 
reported that the induction of 2,4-DCPP stress response proteins was dependent on the 
concentration of 2, 4-DCPP used in the medium and the time of exposure. The failure 
to observe induction of DnaK by gentisate at 32°C in P25X could be due to strain 
differences.  
 
(4) Hsp60 family 
This is the largest group of Hsps identified in this study, with seven proteins (spots H7 
– H13; Table 5.1) identified as the GroEL chaperonin and two proteins (spots H18 and 
H19; Table 5.1) identified as the GroES co-chaperonin (Hsp10 protein). As the GroEL 
and GroES chaperonin subunits are encoded in a bicistronic groESL operon in most 
bacteria, the H18 and H19 proteins are discussed under this group of Hsps.  
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The GroESL chaperonins form protein complexes that play an essential role in all 
cells, assisting in the proper folding of a large variety of newly synthesized and newly 
translocated proteins to their native state and are among the group of cellular 
machineries utilizing ATP binding and hydrolysis to drive ordered conformational 
changes (Frydman, 2001; Hartl and Hayer-Hartl, 2002). It has been estimated that in 
E. coli, proper folding of approximately 5–30% of all cellular proteins depends on the 
GroESL chaperone machinery (Lorimer, 1996). The identification of both GroEL 
(spot H7, H8 and H12; Fig. 5.1 A) and GroES (spots H18 and H19; Fig 5.1 A) under 
normal growth conditions and their elevated levels under heat-stress as well as under 
gentisate induction affirmed the importance of these chaperonins in P25X cells.   
Unlike E. coli, a number of other bacteria possess multiple groESL operons or groEL 
genes. Interestingly, differences with respect to expression patterns or functions were 
observed for these multiple groESL operons. The groEL genes of Streptomyces 
lividans and Synechocystis PCC 6803 exhibited distinct expression patterns under 
certain growth conditions (De León et al., 1997; Glatz et al., 1997). In 
Bradyrhizobium japonicum, a multigene family consisting of a total of five groESL 
operons have been identified (Fischer et al., 1993). Among the five groESL operons 
in B. japonicum, the cellular GroESL pool is filled by the expression of groESL2 and 
groESL4 under normal growth conditions; three other operons (groESL1, groESL4, 
and groESL5) are heat-inducible (Fisher et al., 1999).  
In P25X, gentisate induction at 32oC led to increased expression levels for protein H8 
(GroEL) but not for the other two GroEL proteins (spots H7 and H12; Table 5.2) or 
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the two GroES proteins (spots H18 and H19; Table 5.2) that were detected under 
uninduced growth conditions at 32oC. These GroEL and GroES spots had markedly 
increased levels in cells that were grown at 42oC, regardless of the presence or 
absence of gentisate in the media. The three GroEL proteins (spots H9, H10 and H11) 
were only observed in extracts of cells that were grown at 42oC whereas protein H13 
(GroEL) was only detected in cells that were grown at 42oC and induced with 
gentisate, indicating possibly a unique protective role for cells that are facing a 
combination of heat- and chemical-induced stress. The identification of multiple 
copies with different expression patterns of the GroESL proteins in P25X strongly 
infers that its genome may harbor multiple groESL genes as had been discovered in B. 
japonicum.  
A detailed regulatory study of the five B. japonicum groESL operons revealed that 
their transcriptional control involved as many as four different mechanisms (Fischer 
et al., 1993; Babst et al., 1996): constitutive expression of groESL2, σ32 regulation of 
groESL1; negative control of groESL4 and groESL5 by a system consisting of a 
cis-acting DNA element (CIRCE) and a cognate repressor protein (HrcA), and 
σ54-dependent regulation of groESL3 together with symbiotic nitrogen fixation genes. 
In our previous work (Zhao et al., 2005), the expression level of protein H8 (GroEL) 
was not elevated when a σ54 knock-out mutant strain of P25X was induced with 
gentisate. Thus, in P. alcaligenes P25X, the multiple groESL operons could similarly 
be under different transcriptional control mechanisms.  
 
 152
(5) 45-kDa Hsps 
Protein spot H14 shared sequence identity with the bacterial translation elongation 
factor Tu (EF-Tu) from P. putida KT2440 (Table 5.1). The EF-Tu protein is highly 
conserved and plays an integral role in polypeptide elongation during conventional 
protein synthesis (Caldas et al., 1998). EF-Tu has also been found to function in the 
refolding of denatured proteins, much like other molecular chaperones (Caldas et al., 
1998). The E. coli EF-Tu has been shown to interact with unfolded and denatured 
proteins to form stable complexes that protect proteins from thermal aggregation 
(Caldas et al., 1998).  
Several 45-kDa Hsps with pI values ranging from 5.0 – 5.7 from prokaryotes, lower 
eukaryotes and higher plants grown under various stress conditions, have been 
identified to be EF-Tu proteins (Pavlovic et al., 2005; Benndorf et al., 2004; Bhadula 
et al., 2001; Keeling and Inagaki, 2004). The role of EF-Tu not only in heat-stress but 
also in solvent-induced stress has been recently reported for P. putida DOT-T1E 
where toluene induction resulted in the identification of a set of Hsps including EF-Tu 
(Segura et al., 2005). A knock-out mutant in one of the EF-Tu-encoded genes resulted 
in slower growth of the mutant in toluene, indicating that EF-Tu plays an active role 
in the P. putida response to toluene-induced stress (Segura et al., 2005).  
In P. alcaligenes P25X, EF-Tu (spot H14) was detected in cells that were grown at 
32oC and showed increased expression levels when cells were induced with gentisate 
as well as when cells were grown at 42oC. This profile is consistent with the dual role 
of EF-Tu – i.e., in protein synthesis under normal physiological conditions, and as a 
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molecular chaperone under conditions of heat-induced and chemical-induced stress.  
 
6) sHsp 
Besides proteins H18 and H19 which showed homology to GroES, three other 
proteins (H15, H16 and H17) were categorized as small heat shock proteins (sHsps) 
(Table 5.2). The main function of this diverse family of proteins is to prevent the 
accumulation of unfolded protein intermediates during stress periods by binding to 
denatured proteins and maintaining them in a folding-competent state (Ehrnsperger et 
al., 1997; Lee et al., 1997) 
Like GroESL, a set of multigene sHsp families has been identified in some bacteria. 
The B. japonicum genome contains seven genes coding for sHsps that are organized 
in five operons coordinately regulated by ROSE, a negative cis-acting DNA element 
(Münchbach et al., 1999). In an earlier report, two dimensional gel analysis of a 
Rhizobiaceae strain indicated the presence of eight heat inducible sHsps (Michiels et 
al., 1994). A similar occurrence of multigene sHsps may be the case for P25X. 
Studies had indicated that certain sHsps in animals, plants, and bacteria are regulated 
by a variety of environmental and developmental cues and the synthesis of sHsps in 
eukaryotes is often tissue-specific (Münchbach et al., 1999). In P25X, it was observed 
that protein H17 was expressed in cells grown at 32oC and its levels were higher when 
cells were induced with gentisate or when the growth temperature was increased to 
42oC. However, protein H15 was only expressed when P25X cells were under 
gentisate-induced or high temperature-induced stress. On the other hand, protein H16 
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was detected only in cells that were induced with gentisate at 32oC but not when cells 
were grown at 42oC irrespective of the presence of gentisate. Thus, our observations 
are in agreement with the multifarious nature of sHsps that have been reported in 
other organisms (Münchbach et al., 1999). Like the groESL operon that was 
previously discussed, the genes encoding sHsps in P25X may similarly be 
differentially regulated. 
 
5.5 Conclusion  
This study deals with the expression of Hsp proteins observed on 2-D gels of protein 
extracts from P. alcaligenes P25X when the growth temperature was up-shifted from 
32oC to 42oC in the presence and absence of gentisate as the aromatic inducer. Several 
Hsps from various families were identified and their differential expressions afforded 
us a glimpse on the mechanism in which P25X cells utilize aromatic hydrocarbons in 
response to heat- as well as gentisate-induced stress.  
Interestingly, the two key enzymes in the gentisate pathway in P25X, GDO-I and 
GDO-II, were not detected when cells were induced with gentisate at 42oC, implying 
that the induction of enzymes for gentisate degradation is sensitive to 
gentisate-induced stress under high growth temperatures or both enzymes were 
heat-sensitive. This would certainly be an impediment in utilizing P25X for soil 
bioremediation in the tropics as the soil temperature can rise to more than 42oC. It was 
observed in this study that GroEL (Hsp60 family) exhibits high level of expression in 
P25X when grown at 42oC and induced with gentisate. Expression of appropriate 
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gene(s) under the control of bacterial stress promoters would allow the uncoupling of 
expression of the desired metabolic activity from bacterial growth and facilitate 
bioremediation (Little et al., 1991). For example, toluene monooxygenase, which can 
degrade trichloroethylene (TCE) and phenol, has been cloned under the control of 
E.coli starvation promoters, such as PcstC or PgroEL. A recombinant E.coli carrying 
starvation promoters and toluene monoxygenase could selectively enrich expression 
of phenol- and TCE- degrading activity during growth (Martin et al., 1995). As 
GroEL may constitute as much as 3-4% of total cell protein under some stress 
conditions, toluene-4-monooxygenase gene from Pseudomonas mendocina KR1 
(which degrades toluene, phenol and TCE) was cloned under groEL promoter to 
facilitate the continual degradation of a pollutant below levels that fail to support 
growth and energy production (Timmis et al., 1994). Thus, it is expected that if the 
highly expressed GroEL promoter can be cloned and characterized from P25X, P25X 
groEL promoter-driven GDO degradative systems can be constructed in P25X and 
tested for in situ efficacy. On the other hand, site directed mutagenesis or random 
mutagenesis approach can be employed to improve the heat stability and catalytic 
efficiency of GDOs in P25X growing under high temperature. In this way, new 
biocatalysts with optimum activity at high temperatures could be expressed from 







Functional characterization of hbzE gene encoding an inducible gentisate 1, 




Pseudomonas alcaligenes NCIMB 9867 (P25X wild type) is capable of degrading 
aromatic hydrocarbons via the gentisate pathway which is one of the three main pathways 
of aromatic hydrocarbon degradation. P25X carries isofunctional enzymes for the mono- 
and dioxygenase-catalyzed reactions - one set of the enzymes is constitutive whereas the 
other is strictly inducible (Poh and Bayly, 1980).  
A critical step in the gentisate pathway is the aromatic ring cleavage catalyzed by 
gentisate 1,2-dioxygenases (GDO, EC 1.13.11.4). Our previous characterization of the 
wild-type and mutants indicated P25X synthesized two GDOs with broad substrate 
specificity against gentisate, methylated and halogenated gentisates (Poh and Bayly, 1980). 
The xlnE, which encodes the constitutively expressed GDOI, is part of the constitutive 
operon comprising six genes, xlnEFGHID. xlnE is transcribed from a σ70 type promoter, 
PxlnE, located 123bp upstream of the xlnE start codon (Yeo et al., 2003). An xlnE 
knock-out strain of P25X, designated as strain G56, was found to express gentisate 
dioxygenase, but only when the cells were induced by gentisate (Yeo et al., 2003). 
Comparison of proteome profiles of the xlnE knock-out strain of P25X (strain G56) with 
the wild type showed the absence of a peptide when grown in the presence of gentisate. 
Subsequent MALDI-TOF/TOF MS analysis of the peptide showed high homology to the 
 157
GDO from Ralstonia sp U2. The function of this protein is postulated to be that of the 
strictly inducible GDO, designated as GDO II (Zhao et al., 2004). In this study, the 
identification of amino acid residues of GDOII from Q-TOF and N-terminal analysis has 
enabled us to clone the hbzE gene encoding an inducible gentisate 1, 2-dioxygenase and 
characterize the gene product. As genes specifying the biodegradation of aromatic 
compounds are usually organized into operon(s), analysis of the upstream sequence of the 
GDOII revealed the presence of the hbzR gene which controls the expression of GDOII. 
 
6.2 Molecular cloning hbzE gene encoding an inducible gentisate 1, 2-dioxygenase 
(GDOII) in Pseudomonas alcaligenes NCIMB 9867 
6.2.1 N-terminal sequencing of the protein spot – M5 identified from proteomic 
analysis 
A protein spot from the 2D gel that showed high homology to a gentisate dioxygenase 
(GDO) from Ralstonia sp. U2 was subjected to Edman N-terminal sequencing. The first 
15 N-terminal amino acid sequences of the GDO from mutant strain G56 were determined 
to be SELNLGTVEDLPKDY (Table 6.1).  
The N-terminal sequence of protein spot M5 was compared with other isofunctional 
GDOs from different strains (Table 6.2). Multiple alignment of  the first 15 N-terminal 
residues of the GDO from mutant strain G56 with those from several other GDOs 
established the highest identity (100%) between the inducible GDO from mutant strain 
G56 and the GDO from P. putida P35X (Feng et al., 1999; Fig 6.1). It was also found that 
the first 15 N-terminal residues of the G56 GDO shared 53.3% identity with the two 
GDOs from Ralstonia sp. U2 (Fuenmayor et al., 1998) and P. acidovorans (Harpel and 
Lipscomb, 1990) (Fig 6.1). This indicated that the GDO from the mutant strain G56 is 
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more closely related with the GDO from P. putida P35X and is distantly related to the 
GDOs from Ralstonia sp. U2 or P. acidovorans. Interestingly, the first 15 N-terminal 
residues of the GDO II from strain G56 and the constitutively expressed GDO I from 




























Table 6.1   N-terminal sequencing data for protein M5 
Cycle Major signal Minor signal a 
1 S - 
2 E - 
3 L - 
4 N - 
5 L - 
6 G Q, V 
7 T - 
8 V - 
9 E - 
10 D - 
11 L - 
12 P - 
13 K - 
14 D - 
15 Y - 
 














Table 6.2 N-terminal amino acid sequences of gentisate 1, 2 dioxygenases from P. acidovorans, Ralstonia sp. U2, P. 
alcaligenes P25X, P.putida P35X and P. alcaligenes P25X mutant strain G56 
 
Strains N-terminal amino acid sequences  References 
P. acidovorans M Q E L G R L E D L P Q D Y R D E L T R N N L V Harpel & Lipscomb, 1990  
Ralstonia sp. U2 M S H E L G R L E D L P Q D Y R D E L K Q L N L V P Fuenmayor et al., 1998 
P. alcaligenes P25X S F T E K P A V T K E R K E F Y S K L E C H D L A Yongmei et al., 1999 
P.putida P35X S E L N L G T V E D L P K D Y Y E Q L V A N N Yongmei et al., 1999 
P. alcaligenes P25X 
mutant strain G56 
S E L N L G T V E D L P K D Y This study 
 
N-terminal amino acid sequences of P25X, P35X, P. acidovorans and P25X mutant strain G56 were determined by automated 
Edman degradation. N-terminal amino acid sequences of Ralstonia sp sp. U2 are putative amino acid sequences deduced from 




















Strain N-terminal amino acid sequence Identity (%) 
P25X mutant G56 
P. putida P35X 
S E L N L G T V E D L P K D Y                               
S E L N L G T V E D L P K D Y Y E Q L V A N N    
100 % 
   
P25X mutant G56 
P. acidovorans 
S E L N L G T V E D L P K D Y 
  MQ E L G R L E D L P Q D Y R D E L T R N N L V 
53.3% 
   
P25X mutant G56 
Ralstonia sp. U2 
S E L N L G T V E D L P K D Y 
MS H E L G R L E D L P Q D Y R   
53.3%      
   
P25X mutant G56   
P. alcaligenes P25X  
S E L N L G T V E D L P K D Y                               




Fig. 6.1 Alignment of the first 15 N-terminal amino acid sequences of GDO from mutant strain G56 with several GDOs 
from different strains 
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6.2.2 Identification of partial hbzE gene encoding an inducible GDOII from 
Pseudomonas alcaligenes P25X 
Using a pair of degenerate primers DF and DR, a 350 bp PCR product was amplified from 
the P25X genomic DNA, cloned into the pGEM-T vector and sequenced (Fig. 6.2). The 
forward primer – DF was designed using the 7 amino acids (LGTVEDL) present in the 
N-terminal sequencing and the reverse primer DF was designed using the 8 amino acids 
(YTLVDGEK) from Q-TOF (Zhao et al., 2004). PCR was performed at 56°C annealing 
condition using the genomic DNA from strain P25X as a template. The sequence of the 































Fig 6.2 PCR amplification of P. alcaligenes P25X genomic DNA using degenerate 
primers, DF and DR. The amplified product obtained was approximately 350 kb in size. 
Lane M: 1kb DNA marker; Lane 1: PCR product using F and R primers and P25X 
genomic DNA as template.
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6.2.3 Identification of hbzE gene by Southern blot analysis 
Genomic DNAs of P25X were prepared according to previously described methods (see 
section 2.10). Genomic DNAs were digested with Pst I, Sac I, Sal I, Sph I, Xba I (NEB), 
run on a 0.7% agarose gel, and transferred to Hybond-N nylon membrane (Amersham) 
(Fig 6.3 A). Hybridization with 350bp PCR fragment labeled by DNA labeling reagent 
(Amersham) was performed at 42 °C overnight. Membrane was detected by a 
Hyperfilm-ECL (Amersham) in an autoradiograph cassette for 45-60 min, then the 
Hyperfilm-ECL was developed using the Kodak M35 X-OMAT Processor (Kodak, NY, 
USA).  
Southern blot analysis using the 350bp PCR product as the probe showed that this partial 
hbzE PCR product hybridized to a single band from Pst I, Sac I, Sal I and Sph I digested 
P25X genomic DNA, confirming that the PCR product did originate from the P25X 































Fig 6.3 (A) P. alcaligenes P25X genomic DNA was digested with Pst I, Sac I, Sal I, 
Sph I, Xba I (lanes 2-6 respectively) and probed with the G350 PCR product arising 
from amplication of the P25X genomic DNA. (B) λ DNA digested with Hind III was 
used as a molecular weight marker with sizes as indicated (lane 1). The partial 350bp hbzE 









6.2.4 Identification of hbzE gene by inverse PCR (iPCR) and sequence analysis 
Inverse PCR (iPCR), using the inF & inR primer pair and the SalI or the SphI digested 
P25X genomic DNA which then self-ligated as templates, was performed to amplify the 
full length hbzE. Aligned sequences of the iPCR products revealed a 1047bp open reading 
frame, designated as hbzE which encodes a protein that shares 52% identity and 70% 
similarity with the GDO from Ralstonia sp. U2 (Fig.6.4). This ORF was confirmed to 
encode the GDOII as the predicted N-terminal amino acid sequence corresponded exactly 
to the N-terminal amino acid sequence of the GDOII protein from mutant G56. The ORF 
predicted a 348 amino acid residue protein with a molecular weight of 38 kDa.  
Analysis of the putative 1047 bp hbzE gene showed that it had a G+C content of 62% 
(Fig.6.4). This value is corresponding to the G+C content of 60-65% of the Pseudomonas 
chromosome and similar to the G+C content of other isofunctional gentisate 
1,2-dioxygenase genes, which is 67% for Ralstonia sp. U2 gdo (Zhou et al., 2001), 60% 
for Sphingomonas sp. Strain RW5 gdo (Werwath et al., 1998) and 64% for Haloferas sp. 
D1227 gdo (Fu and Oriel, 1998), respectively. However, this value differs significantly 
from the 47% G+C content of the xlnE (encoding the constitutive GDO I) in P25X (Yeo et 
al., 2003). The frequency of occurrence of either a G or C in the third codon was 76% for 
the P25X hbzE gene and the preferred choice for the third base in codon usage was found 
to be a C for the P25X hbzE gene (42%, Table 6.3). However, for the P25X xlnE gene, the 
frequency of occurrence of either a G or C in the third codon was only 46% and the 
preferred choice for the third base in codon usage was T (30%). The differences in G+C 
content and codon usage between hbzE and xlnE in P25X clearly suggested their 
differences in evolution. 
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In addition, three histidine cluster H-X-H were found in the hbzE gene (Fig. 6.4). The 
function of the histidine cluster is unclear although it has been shown that histidine 
residues are generally involved in both iron ligand binding and catalytic function in 



















































       
 
Fig. 6.4 Nucleotide sequence and deduced amino acid sequence (standard one-letter 
abbreviations) of the P25X hbzE gene. The sequence includes the 1047-bp open reading 
frame and flanking regions. The histidine clusters are in bold letters. Underlined 
sequences are N-terminal and internal amino acid sequences determined from protein spot 
M5 extracted from 2D gels by Edman degradation and Q-Tof analysis, respectively (Zhao 
et al., 2004).   
 
 













Table 6.3 Comparison of codon usage and frequency of occurrence of the four 
nucleotides in the P25X hbzE and xlnE gene 
 
 
P25X hbzE (gdoII) P25X xlnE (gdoI) a Codon usage and 
frequency of 
occurrence of the four 
nucleotides (%) 
A T C G A T C G 
First base 20 14 30 36 26 20 20 34 
Second base 28 27 26 19 31 27 25 16 
Third base 12 12 42 34 23 30 22 24 
A 20 27 
T 29 26 
C 18 22 
G 33 25 
A+T 38 53 
C+G 62 47 
 











6.3 Expression, purification and characterization of inducible Gentisate 
1,2-dioxygenase II (GDO II) encoded by hbzE in Pseudomonas alcaligenes NCIMB 
9867  
6.3.1 Construction of recombinant plasmids for overexpression of hbzE in E. coli 
To overexpress the hbzE in E. coli, the hbzE was cloned into the expression vectors 
pET28a and pET30a (Novagen, USA). The hbzE was PCR amplified from the P25X 
wild-type genomic DNA using the Pfu DNA polymerase (Stratagene, USA) and 
degenerate primers HbzE-SN-F and HbzE -S-R, both of which contain EcoRI restriction 
sites at their 5' ends. The HbzE-SN-F primer also contained a NdeI site immediately 
following the EcoRI site. The amplified product obtained was digested with EcoRI and 
cloned into pUC18, resulting in the recombinant plasmid pUC18-hbzE, which was 
subsequently sequenced to ensure that no mutations were incorporated into the hbzE gene 
during PCR amplification. The hbzE fragment in pUC18-hbzE was then excised with NdeI 
and EcoRI digestion, then cloned into the NdeI and EcoRI-digested pET28a and pET30a 
vectors, resulting in the recombinant plasmids designated pET28-hbzE and pET30-hbzE, 
respectively. As the NdeI site in pET28a is upstream of the hexahistidine (6X His) coding 
sequence, the recombinant pET28hbzE would express hbzE from the T7 promoter of 
pET28a but without the 6X His-tag. For pET30hbzE, hbzE was cloned downstream to be 
in-frame with the 6X His coding sequence and would result in the expression of a 
N-terminal 6X His-hbzE fusion protein. Both pET28-hbzE and pET30-hbzE constructs 





6.3.2 Cloning and overexpression of GDO II in Escherichia coli 
The hbzE reading frame was cloned under the transcriptional regulation of the 
IPTG-inducible T7 promoter in the expression vectors, pET28a and pET30a. The 
pET30-hbzE clone was constructed such that the protein was expressed in its native state, 
whereas the expression of the pET28-hbzE clone would result in a N-terminal 6X-His 
tagged recombinant protein. SDS-PAGE analysis indicated the overexpression of a ~34 
kDa protein by the pET30-hbzE recombinant, whereas a slightly larger band of ~38 kDa 
was observed for the pET28-hbzE recombinant due to the presence of the 6X-His tag at 
the N terminal (Fig. 6.5 B).  
 
6.3.3 Purification of the recombinant GDO II and molecular weight determination 
The recombinant GDO II was successfully purified using a nickel affinity column to bind 
the H6 fusion protein. When the elution fraction was analyzed by native PAGE, a 
prominent band of ~150 kDa was observed (Fig. 6.5 A), whereas SDS-PAGE analysis 
yielded a single protein band of ~38 kDa (Fig. 6.5 B). Hence, the data indicated that the 
active recombinant GDOII is a homotetrameric protein and this was further confirmed 
with gel filtration. Separation using native PAGE of the cell extracts from IPTG-induced 
E. coli BL21 harboring pET28-hbzE yielded a single protein band of ~150 kDa, indicating 
that the recombinant GDO II without the hexahistidine tag is similarly tetrameric in 
nature. 
Subsequent analysis of the purified recombinant GDO II by isoelectric focusing revealed 
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Fig. 6.5. (A) Purified recombinant HbzE (lane 1) on native 10% PAGE. The HMW 
native molecular mass standard from Amersham Biosciences was used for the native 
PAGE (lane M1) and is comprised of these proteins; thyroglobulin (669 kDa), ferritin 
(440 kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and albumin (66 kDa). 
 (B) Extracts of E. coli BL21 (DE3)/pLysS overexpressing HbzE separated by 
SDS-PAGE 12%. E. coli BL21 (DE3)/pLysS cells harboring the following plasmids were 
harvested and lysed 4 hours after IPTG induction: pET30-hbzE (lane 1), pET30a (lane 2), 
pET28a (lane 3), pET28-hbzE (lane 4), and purified recombinant HbzE (lane 5). Lane M2 
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6.3.4 Biochemical characterization of the hbzE encoded GDOII 
6.3.4.1 Effect of metals and chemicals on GDOII  
As shown in our previous study, maximum activating and stabilizing effects of Fe2+ on 
GDOI activity of Pseudomonas alcaligenes P25X were observed in MOPS buffer 
containing 0.1 mM FeSO4, 2 mM cysteine and 10% (vol/vol) glycerol (Feng et al., 1999). 
To confirm the requirement of GDO II for Fe2+, different concentrations ranging from 
0.0125 mM to 2.0 mM were used to examine the effects on GDO II activity. When Fe2+ 
was supplemented to enzyme mixtures from 0.0125 mM to 0.5 mM, stimulation of GDO 
II activity was observed. However, complete inhibition of GDO II was seen when Fe2+ 
was added in concentrations greater than 1 mM (data not shown). 
Metal ions, such as 5mM K+ and Mg2+, did not stimulate nor inhibit activities of the 
purified recombinant GDO II. However, partial inhibition of the GDO II activity was 
observed for Na2+, Ca2+ and Mn2+ at 88.59%, 81.85% and 41.85% of the original activities, 
respectively. On the other hand, addition of 5mM Zn2+, Hg2+ and EDTA resulted in almost 
total inhibition of GDO activity and the GDO II was completely inactivated in the 
presence of 5 mM Cu2+ (Table 6.4). 
6.3.4.2 Effects of temperature and pH on activity and stability of GDO II 
Optimal activity of the recombinant GDO II was observed at 25۫˚C, with no activity being 
detected at temperatures lower than 15۫˚C or higher than 60 ۫˚C. The recombinant GDO II 
was found to retain 57% of its activity when it was exposed to a temperature of 30 ۫˚C for 
15 min. Only 15% of the GDO activity remained when the enzyme was incubated at 50˚C 
for 15 min. The enzyme activity was completely inactivated when the recombinant GDO 








Table 6.4 Effects of metal ions on P25X GDO II activity 
 
 
Metal ions (5mM) 
 
 












aEnzyme was preincubated with 5mM different metal ions for 15 min before the activities 
were assayed. The activity if the enzyme in the absence of any metal ion was considered 












The pH dependence of the purified recombinant GDO II was performed by assaying for 
GDO activity in 0.1 M phosphate buffers of different pH values ranging from pH 6.0 to 
9.0. Maximum enzyme activity was observed between pH 7.0 to pH 8.0. The stability of 
the recombinant enzyme at different pH values was determined by incubating the purified 
enzyme in the test buffer at 4˚C for 12h prior to carrying out the enzyme assay. Maximum 
stability was observed between pH 7.0 and 8.5. 
 
6.3.4.3 Substrate specificities of the His-tagged recombinant GDO II 
As the purified wild-type GDO I exhibited broad substrate specificities towards both 
alkylated- and halogenated- gentisates, substrate specificities of the recombinant GDO II 
for 3-bromo-, 3-fluoro-, 3-methyl-, 3-isopropyl-, 4-chloro- and 4-methylgentisates were 
examined. No activity could be detected against substrates containing substitutions at the 
C-4 position, such as 4-chloro- and 4-methylgentisates, unlike the purified GDO I that 
exhibited broad substrate specificities towards alkylated- and halogenated- analogs 
substituted in both the C-3 and C-4 positions of the ring. 
Interestingly, the recombinant GDO II showed 20.36% increase in Vmax towards 
3-fluorogentisate when compared to gentisate (100%). Significantly lower Vmax of GDO II 
towards 3-isopropyl-, 3-bromo- and 3-ethylgentisates at 55.30%, 48.27% and 40.02% of 
the activity towards the unsubstituted gentisate was observed. The Vmax of GDO II towards 























kcat/ Km (s-1M-1×104) 
Gentisate 17.09±1.32 100 116.21±6.85 4.79±0.50 
3-bromogentisate 8.25±0.33 48.27 31.46±1.43 8.55±1.01 
3-fluorogentisate 20.57±1.52 120.36 51.06±1.86 13.09±1.03 
3-isopropylgentisate 9.45±1.17 55.30 34.29±2.22 8.69±1.56 
3-methylgentisate 1.68±0.20 9.83 56.32±0.19 0.97±0.05 
3-ethylgentisate 6.84±1.86 40.02 12.65±0.19 17.6±2.15 
4-chlorogentisate ND ND ND ND 
4-methylgentisate ND ND ND ND 
 
 
aKm and kcat were determined in 0.1 M KH2PO4 buffer (pH 7.4) at 23°C. Their values were 
calibrated from Lineweaver-Burk in the presence of the respective substrates ranging from 
50 µM to 600 µM. Each value was derived from the mean of at least three separate 













6.3.4.4 Kinetics and catalytic efficiencies of GDO II 
Spectrophotometric assays were performed in air-saturated 0.1M KH2PO4 buffer (pH 7.4) 
containing various concentrations of the substrate (50 µM to 1500 µM) for the 
determination of Km values. The recombinant GDO II enzyme displayed 
Michaelis-Menten kinetics and Lineweaver-Burke plot of the enzyme activity, yielding 
apparent Km values of 116.21±6.85 µM for the recombinant enzyme towards gentisate. 
The catalytic efficiency of the recombinant pET20-hbzE enzyme for gentisate as indicated 
by kcat/Km was established to be 4.79±0.50 s-1M-1 ×104 (Table 6.5). 
Higher substrate affinity at 12.65±0.19µM was observed for the recombinant GDO II 
against 3-ethylgentisate. Km values of the recombinant GDO II for 3-bromo- and 
3-isopropylgentisates were determined to be at 31.46±1.43µM and 34.29±2.22 µM, 
respectively. The recombinant GDO II also exhibited higher catalytic efficiencies at 
17.60±2.15 s-1M-1 ×104 and 13.09±1.03 s-1M-1 ×104 towards 3-ethyl- and 3-fluorogentisates, 
respectively when compared to gentisate. Almost similar catalytic efficiencies at 
8.69±1.56 s-1M-1 ×104 and 8.55±1.01 s-1M-1 ×104, respectively were observed with GDO II 
towards 3-isopropyl- and 3-bromogentisates (Table 6.5).  
 
6.4 Molecular cloning of hbzR gene encoding a LysR type regulatory protein in 
Pseudomonas alcaligenes NCIMB 9867 
6.4.1 Amplify unknown sequences upstream and downstream of hbzE 
Unknown sequences unstream and downstream of the inverse PCR product were analyzed 
by DNA Walking SpeedUpTM Premix Kit (Seegene, Seoul, Korea) which employs unique 
DNA Walking Annealing Control Primers (DW-ACP) that are designed to capture 
unknown target sites with high specificity. Amplified unknown target DNA sequence 
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generated from this simple and fast PCR-based method can be used for direct sequencing 
or cloning into a TA cloning vector. This kit demonstrated a powerful and revolutionary 
way to directly amplify unknown sequences in this study.   
A total of 12.5 Kb DNA upstream and downstream of the hbzE gene was sequenced and 
nine ORFs were identified (Fig. 6.6). The complete 12.5 Kb nucleotide sequence has been 
deposited into GenBank under accession No. DQ394580. For unknown reasons, extending 
the sequence beyond hbzD was unsuccessful.  
 
6.4.2 Expression of hbz genes    
To determine how many of the seven ORFs that are co-transcribed with hbzE, RT-PCR 
analysis of total RNA from a 3HBA-grown P25X culture was carried out using primer 
pairs that spanned across the reading frames as indicated (Fig. 6.6 A). All the primer pairs 
except RT1F and RT1R generated correctly-sized amplified products, indicating that 
readthrough transcription occurs between the seven ORFs – hbzIJKLFED (Fig. 6.6 B). No 
amplification product was obtained between hbzH and hbzI. A positive control based on 
16sRNA expression was included. No PCR products were evident in the negative controls 
containing no RT, hence precluding possible DNA contamination. Thus, the data indicated 


















Fig. 6.6 Physical maps of inducible gentisate degradation genes from P.alcalgenes 
P25X and of RT-PCR analysis of expressed genes. A) Gene order in hbz cluster. 
ORFs are depicts as filled arrows with the direction of the arrowheads indicating the 
direction of transcription. Bold solid lines show locations of 7 primer pairs used in the 
RT-PCR assays. B) agarose gel electrophoresis of 7 RT-PCR products amplified from 
P25X grown on 3HBA. Numbers refer to the locations of PCR fragments shown in 
Fig.4A. Lowercase letters refer to amplification conditions: a, RT-PCR products from 
total RNA; b, PCR products from total RNA without RT. C, 16sRNA expression was used 




















6.4.3 Sequence analysis of regions flanking the hbzE  
Sequences in the databases that share high identity with the translated products of these 
ORFs are listed in Table 6.6. The hbzR gene, which spans nucleotides 726-1718, is in 
opposite orientation to hbzE and the other eight genes. The amino acid sequence of the 
HbzR exhibits 62% identity to a probable transcriptional regulator encoded by 
P.aeruginosa PAO1 (Stover et al., 2000). Conserved bacterial LysR-type helix-turn-helix 
(HTH) domain was also identified which suggested that this protein belongs to a 
LysR-type transcriptional regulator (LTTR) family. The results indicated that the hbzR is 
probably involved in regulating the expression of the inducible gentisate pathway genes.  
Besides hbzE, there are three genes, designated as hbzH, hbzF and hbzD, which showed 
homology to enzymes which are involved in gentisate degradation pathway from other 
bacterial species. The hbzH, located at 6,923 bp uptream of the hbzE, is predicted to 
encode a protein containing 192 amino acid residues which exhibits 73% amino acid 
identity to fumarylpyruvate hydrolase from Klebsiella pneumoniae (Liu et al., 2005). The 
gene product of the hbzH is most likely involved in hydrolyzing fumarylpyruvic acid to 
fumaric acid and pyruvate in the gentisate pathway and is postulated to be the inducible 
fumarylpyruvate hydrolase II. The hbzF gene, which is comprised of 861 nucleotides, is 
located 152 bp upstream of the hbzE. The deduced amino acid sequence of hbzF shares up 
to 44% identity with the maleylpyruvate isomerase from Azoarcus sp. EbN1 (Rabus et al., 
2005). This enzyme is involved in the isomerization of maleylpyruvate to fumarylpyruvate 
in the gentisate pathway. The start codon of the hbzD is located 344 bp downstream of the 
hbzE. Its deduced 320 amino acid sequence shows 79% amino acid identity to putative 
salicylate 5-hydroxylase of Azoarcus sp. EbN1 (Rabus et al., 2005) and was postulated to 
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be the inducible 3-hydroxybenzoate 6-hydroxylase II that catalyzes the conversion of 
3-hydroxybenzoate to gentisate.  
Four additional ORFs were identified upstream of the hbzE gene. The hbzI and hbzJ genes 
were identified as the large and small subunit of 3-isopropylmalate dehydratase from 
Burkholderia fungorum LB400, respectively. This enzyme is known to catalyze the 
isomerization between (2R,3S)-3-isopropylmalate and 
3-hydroxy-4-methyl-3-carboxypentanoate, via the formation of (2S)-2-isopropylmaleate. 
The HbzL amino acid sequence shared 73% identity with 
isopropylmalate/homocitrate/citramalate synthase from Burkholderia fungorum LB400. 
Gentisate degradation via the gentisate pathway leads to the formation of malate and 
pyruvate that are channeled directly into the TCA cycle. The gene products are likely 
enzymes involved in further degradation of intermediates derived from the gentisate 
pathway. 
The hbzK gene shared 76% amino acid identity with the acyl-CoA transferase which 
catalyzes the conversion of acyl-CoA and acetate to a fatty acid and acetyl-CoA in fatty 
acid metabolism. HbzK may be involved in the conversion of malate to pyruvate which, in 
P25X, goes via malyl-coenzyme A (Jain et al., 1984). In P25X, maleylpyruvate could 
either be isomerized to fumarylpyruvate or is directly hydrolyzed to maleate and pyruvate; 
in the latter case, maleate gets converted to malate and finally to pyruvate (Hopper et al., 
1971). Thus, the HbzK enzyme could provide a source of acetyl-CoA for the gentisate 
pathway and it probably is part of the inducible gentisate pathway operon. 
The orf74 was located 403bp upstream of hbzR and showed 87% amino acid identity with 
the transposase from Polaromonas sp. JS666. The %G+C content of orf74 is 52.7% which 
is lower than the average 60-65% G+C content of the Pseudomonas chromosome, but 
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close to the %G+C content value of 5’ end (55.6%) of the DNA typical for Pseudomonas 
(Yeo, et al., 2003). This information can serve as the basis for the further investigation of 


















Table 6.6 predicted gene products of sequences flanking the P.alcaligenes P25X-encoded inducible gentisate 
1,2-dioxygenase gene, hbzE. 
Gene 
designation 














similar gene product (species/accession 
No.) 
orf74 Transposase 100-324 403 74 87 Transposase and inactivated derivatives 
(Polaromonas sp. JS666/ 
ZP_00363583) 
hbzR Probable transcriptional regulator 1718-726 455 330 66 probable transcriptional regulator 
(Pseudomonas entomophila L48 / 
YP_608190). 
hbzH fumarylpyruvate hydrolase 2172-2750 870 192 73 fumarylpyruvate hydrolase (Klebsiella 
pneumoniae/ AAW63414) 
hbzI unknown 3619-4299 759 226 68 3-isopropylmalate dehydratase large 
subunit (Burkholderia fungorum 
LB400/ZP_00277277) 
hbzJ unknown 5057-5698 97 213 67 3-isopropylmalate dehydratase small 
subunit (Burkholderia fungorum 
LB400/ZP_00277278) 




hbzL unknown 7346-8023 58 225 73 Isopropylmalate/homocitrate/citramalate 
synthases (Burkholderia fungorum 
LB400/ZP_00277280) 
hbzF Probable  maleylpyruvate 
isomerase 
8080-8943 152 287 44 probable maleylpyruvate isomerase 
(Azoarcus sp. EbN1/YP_160224) 




10483-11445  320 79 putative salicylate 5-hydroxylase 
(Azoarcus sp. EbN1/YP_157772) 
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6.4.4 RT-PCR detection of hbzR regulated hbzE transcription  
To demonstrate the role of hbzR encoding the regulator protein for hbzE (inducible 
GDOII), a hbzR knockout mutant, designated as H57, was constructed by GmR 
insertional mutagenesis as detailed in 2.29. P25X and the hbzR knock out mutant H57 
cells were grown in minimal media containing 20mM lactate to early log phase and 
induced with 2.5 mM 3 HBA. Cells were allowed to grow for further 6 h before they 
were harvested. P25X and H57 cells grown in minimal media containing 20mM lactate 
without 3HBA induction were used as negative controls. RT-PCR analysis showed that 
the hbzE gene expression could only be detected from 3HBA-grown P25X (Fig. 6.7 A, 
lane 5). However, when intact hbzR was provided in trans on the recombinant  
plasmid pRKhbzR to complement the hbzR lesion in H57, RT-PCR analysis using 
RNA extracted from 3HBA -grown H57 cells containing pRKhbzR showed that the 
hbzE expression was restored to its wild type level (Fig. 6.7 B). This indicated that the 
hbzR regulates the expression of hbzE and hence could encode the regulator protein for 
the inducible hbz cluster. No PCR products were evident in the negative controls 
containing no RT. The RT result also suggested that HbzR positively controls the 




























Fig. 6.7 Agarose gel electrophoresis of RT-PCR products obtained from total 
RNA isolated from P25X and H57 grown in minimal medium (MM) induced or 
non-induced by 3HBA (A)and H57 containing the pRKhbzR plasmid grown in 
MM medium induced by 3HBA (B). Lanes 1, 4, 7, 10 and 13 denote reactions carried 
out with the 16S RNA primer pair as the positive control; lanes 2, 5, 8, 11 and 14 
denote reactions carried out with RT, whereas lanes 3, 6, 9, 12 and 15 are negative 
controls carried out without RT. A 1Kb ladder DNA was used as a marker (lane M), 














We demonstrated in this study that hbzE encodes an inducible GDO II which is 
isofunctional to GDO I (Feng et al., 1999). The isofunctional GDO I was synthesized 
constitutively and was established to be located in a different operon (Yeo et al., 2003). 
The comparison of amino acid sequences of isofunctional enzymes is of particular 
interest as conserved amino acid residues may be important for enzyme function. The 
highest homology was established with Azoarcus sp. EbN1 GDO as GDO II shares 
56% amino acid identity and 72% similarity with GDO from Azoarcus sp. EbN1 
(Rabus et al., 2005). However, P25X GDO II exhibited only 47% nucleotide identity 
to P25X GDO I and at the amino acid sequence level, GDO II displayed 34% identity 
and 53% similarity with the GDO I (Yeo et al., 2003). The P25X GDO II also showed 
53% and 36% amino acid homology with the GDOs from Ralstonia sp. U2 and 
Sphingomonas sp. RW5, respectively (Fuenmayer et al., 1998; Werwath et al., 1998). 
A low level of amino acid homology between the P25X GDO II and the GDO from 
Haloferax sp. D1227 (Fu and Oriel, 1998) at 32% was observed. P25X GDO II also 
had low levels of amino acid homology at 34% and 27% with 1-hydroxy-2-naphthoate 
dioxygenase (HNDO) from Nocardioides sp. (Iwabuchi and Harayama, 1998) and 
Alcaligenes faecalis (Kukimoto et al., 2000), respectively. Like gentisate 
1,2-dioxygenase, HNDO cleaved the aromatic ring between the carboxylated and the 
hydroxylated carbons of the substrate and required Fe2+ for its activity (Iwabuchi and 
Harayama, 1998).  
Characterization of the two GDOs showed that GDO II is similar in both molecular 
weight and subunit structure to the previously reported GDO I from P25X (Feng et al., 
1999). The GDO II subunit is also similar in size to the GDO from Moraxella 
osloensis (Crawford et al., 1975), Pseudomonas testosteroni (Harpel and Lipscomb, 
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1990), Pseudomonas acidovorans (Harpel and Lipscomb, 1990), Klebsiella 
pneumoniae (Suarez et al., 1996) and Sphingomonas sp strain RW5 (Werwarth et al., 
1998). With the exception of the GDO from Pseudomonas putida P35X which is 
dimeric, all the other GDOs from the five bacteria investigated to date have been found 
to be tetrameric in nature, with identical subunits of ~ 38-40 kDa.  
Activities of both P25X GDOs were found to be stabilized by 0.1mM Fe2+. Both GDO 
I and GDO II were very unstable in the absence of Fe2+. This could be due to the 
association of Fe2+ with the active sites and specific interaction with the substrate as 
proposed by Harpel and Lipscomb (1990). The addition of 5mM EDTA caused an 
inhibition of 40% and 99% of GDO I and GDO II activities, respectively. A more 
pronounced activation and stabilization effects were observed for both GDOs when 2 
mM cysteine and 10% glycerol were added. These observations were similar to those 
reported for GDOs from P. putida P35X (Feng et al., 1999), M. osloensis (Crawford et 
al., 1975), P. testosterone (Harpel and Lipscomb, 1990), P. acidovorans (Harpel and 
Lipscomb, 1990) and K. pneumoniae (Suarez et al., 1996).  
The optimum temperature of 25˚C for P25X GDO II was lower than GDO I which had 
an optimum temperature of 50˚C. P25X GDO II had a lower pH optimum range (pH 
7.0 to 8.0) than GDO I (pH 7.5 to 9.5). The pH optimum range of GDOs from P25X 
was quite similar to those previously reported for GDOs from P. acidovorans and P. 
testosteroni which were between pH 7.0 and 9.0. The pI of GDO II at 4.6 was slightly 
lower than that of GDO I at 4.9. The pI of GDO II is similar to the values reported for 
the GDO from P. putida P35X and P. acidovorans (Harpel and Lipscomb, 1990), 
whereas the pI of GDO I was comparatively similar to the GDO from K. pneumoniae 
(Suarez et al., 1996).  
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The Km of the purified GDO II from P25X towards gentisate was higher than the 
GDO I from P.alcaligenes P25X and GDOs from P. acidovorans, P. testosteroni, K. 
pneumoniae, Ralstonia sp. Strain U2 and P. putida. The recombinant GDO II 
displayed 173-fold and 25-fold higher catalytic efficiencies (Kcat/Km) than the GDO 
from P. testosteroni towards 3-isopropyl- and 3-ethylgentisates, respectively. However, 
catalytic efficiency of GDO II towards gentisate and substituted gentisates was found 
to be lower than the GDO I from P25X (Feng et al., 1999) and GDO from P. 
acidovorans (Harpel and Lipscomb, 1990). The significant difference in substrate 
specificity between GDO I and GDO II from P25X is the lack of the latter to attack 
4-chloro- and 4-methylgentisates (Tan et al., 2005).  The inability of GDO II to 
utilize gentisate with substitutions at the 4- position is in sharp contrast to both GDOs 
from P. acidovorans and P. testosteroni (Harpel and Lipscomb, 1990).   
Regulation of the expression of the gentisate pathway genes is important for 
3-hydroxybonzoate degradation. In this study, a putative regulatory gene (hbzR) is 
found to be located upstream of the inducible gentisate 1,2-dioxygenase gene (hbzE). 
The hbzR regulatory protein displayed all the features of the LysR-type family of 
regulatory proteins (LTTRs) (Henikoff et al., 1988; Schell, 1993). HbzR has high 
amino acids sequence homology with LysR from Pseudomonas entomophila L48 
(66% identity in 311 amino acids). The N-terminal part of hbzR contains a 
helix-turn-helix motif and is divergently transcribed from the hbz gene cluster which it 
regulates. The hbzR was postulated to encode a protein of 330 amino acids with a 
predicted molecular weight of 35KDa. The predicted molecular weight of HbzR is 
similar to most LTTRs which are comprised of 394 to 403 amino acid residues with a 
molecular mass of between 32 and 37 kDa (Tropel et al., 2004). LysR-type 
transcriptional regulators (LTTRs) comprise the largest family of prokaryotic 
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regulatory proteins regulating diversified functions including degradation pathways of 
aromatic compounds (Tropel et al., 2004). In Ralstonia strain U2, the nag catabolic 
genes, which encode the enzymes for the pathway that catabolizes naphthalene via the 
alternative ring cleavage gentisate pathway, are transcribed as an operon and regulated 
by a divergently transcribed LysR-type transcriptional regulator nagR (Jones et al., 
2003). In Polaromonas naphthalenivorans CJ2, the large gene cluster for the 
naphthalene degradation pathway is regulated by a divergently transcribed LysR-type 
regulator nagR (Jeon et al., 2006). However, the HbzR from P.alcaligenes P25X 
displayed a lower homology with NagR (19% identity in 301 amino acids) from 
Ralstonia strain U2 and NagR from P. naphthalenivorans CJ2 (22% identifity in 301 
amino acids). 
The function of hbzR was identified by gene disruption and complementation with the 
wild type hbzR. As demonstrated by RT-PCR, disruption of the hbzR in P25X resulted 
in loss of hbzE expression and restoration of hbzE expression was complemented by a 
pRKhbzR plasmid carrying the full length hbzR gene. Thus, our data suggested that the 
HbzR is a positive regulator, since hbzE gene expression was only detected in P25X 
wild type but not in mutant H57. This finding is corresponding to the general feature of 
LTTRs which serve as positive regulators to the genes they regulate after interacting 
with an inducer molecule (Tropel et al., 2004). 
Interestingly, our RT-PCR experiments using RNA extracted from 3HBA-grown P25X 
failed to yield a product from the intergenic region between hbzH and hbzI. The result 
indicated that the hbzH which encodes a putative fumarylpyruvate hydroxylase was not 
co-transcribed with the other hbz genes in the cluster. Moreover, RT-PCR 
amplification of the hbzH expression in 3HBA grown P25X wild type but not in 3HBA 
grown hbzR mutant strain H57 suggested that the expression of hbzH was co-regulated 
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by hbzR. Though a large group of LTTRs regulate a single target operon, there are 
some LTTRs which regulate two or more target operons, such as the BenM controlling 
the expression of benABCDE and benPK operons in Acinetobacter sp. strain ADP1 
(Collier et al., 1998); NahR controlling expression of the nah operon which is involved 
in the metabolism of naphthalene to salicylate and pyruvate, and the sal operon 
encoding the enzymes for salicylate conversion (Shell, 1985). Similarly, CatR of P. 
putida can coregulate not only the expression of both the pheBA operon for phenol 
degradation, but the expression of the catBCA genes when this operon is provided on 
an additional plasmid (Kasak et al., 1993). Whether HbzR is a regulator for two or 
more operons needs further investigation. However, the finding that hbzH and 
hbzIJKLFED might be two separate operons are in consonance with previous 
observations of Poh and Bayly who studied the regulation of the inducible set of 
gentisate pathway enzymes used by P25X in strains derived from mutant strains of 
P25X that had lost the constitutive enzymes that degrade m-cresol, 2,5-xylenol and 
3,5-xylenol (Poh and Bayly, 1988). The observation of the presence of the inducible 
3-hydroxybenzoate 6-hydroxylase II, gentisate dioxygenase II, maleylpyruvate 
hydrolase II together with fumarylpyruvate hydrolase could be explained by the 
co-regulation of the hbzH and the hbzIJKLFED cluster by HbzR in 3 HBA induced 
cells.  
Putative promoter scanning also supported that the hbzH and hbzIJKLFED were two 
independently transcribed operons. The sequence CCGGTCCGCCGCGTGTACTGT 
(33 bp upstream from the hbzH ORF, located at nt 2118 to 2138) and 
AGGTGAGAGACCTTGCA (43 bp upstream of the hbzI ORF, located at nt 3559 to 
3575) were highly similar to the consensus σ54 promoter CTGGYAYRNNNNTTGCA 
(the scores were 61 and 65, respectively) (Magasanik and Neidhardt, 1987). No 
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consensus sequence for a σ70 dependent promoter was found upstream of either the 
hbzH or hbzI. This suggested that the expression of the hbzH and the hbzIJKLFED 
operons were σ54 dependent. This is also consistent with the observation of 
non-expression of the strictly inducible gentisate 1,2-dioxygenase from the proteome 
profiles of a sigma 54 mutant strain of P25X in response to gentisate induction (Zhao 
et al., 2005). It was postulated in our previous study that the expression of the 
inducible operon was σ54 dependent. The current finding suggested that the 
transcription mechanism of the hbz cluster is different from the constitutively 
expressed xln genes in P25X. The constitutive operon comprises six genes, 
xlnEFGHID, which is transcribed from a σ70 type promoter, PxlnE, located 123bp 
upstream of the xlnE start codon (Yeo et al., 2003). Regulation of the hbz genes in 
P25X is also different from the nag genes from Ralstonia sp. Strain U2 or the large 
gene cluster for the naphthalene degradation pathway from Polaromonas 
naphthalenivorans CJ2, which is transcribed from a putative -10, -35 σ70-type 
promoter (Jones et al., 2003; Jeon et al., 2006).  
Analogous to other LysR type regulatory systems, the ability of the HbzR protein to 
activate the transcription of hbzH or hbzIJKLFED would depend on the binding of this 
protein to a specific target site upstream from the promoter of hbzH or hbzIJKLFED, 
following interaction with a suitable inducer such as 3HBA and/or gentisate. Future 
analysis of the specialized features of HbzR and the interactions between the HbzR and 
the promoters for the hbzH or hbzIJKLFED operons require mapping of the 
transcription start sites of hbzR, hbzH, and hbzIJKLFED and obtaining the purified 
HbzR protein to carry out either gel shift or footprinting assays. 
Compared to the intensively investigated ortho- and meta-cleavage pathway, little is 
known about the regulation of the gentisate pathway, especially the regulation of the 
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inducible operon. The knowledge gained from this study will enhance our 
understanding of the genetics and biochemistry of the gentisate pathway, which has so 
far, been investigated in only a few selected microorganisms such as Ralstonia sp. 
strain U2 (Fuenmayor et al., 1998; Zhou et al., 2001), Sphingomonas sp. RW5 















The study in this thesis presented the application of functional genomic approaches to 
discover the biological function of hbzE gene coding the inducible gentisate 1,2 
dioxygenase and to uncover the putative regulator - HbzR for the control of expression 
of the hbz cluster from P.alcaligenes P25X. Traditionally, the approach employed to 
assess gene function is to identify which genes are required for a certain biological 
function at a given condition through gene disruption. Functional genomics using 
proteomics provide a frame work and starting point for further analysis and helps to 
define the function of a particular protein. In this study, 2-D electrophoresis was 
applied for proteome analysis of the protein profiles of the P25X wild type, mutant 
G56 (gdoI knock out), and mutant G54 (rpoN knock out), grown in the presence and 
absence of the aromatic inducer - gentisate. 2DE is used in this application due to its 
unparalleled ability to separate thousands of proteins. 2DE is also unique in its ability 
to detect post-translational modifications, which cannot be predicted from the genome 
sequence. Furthermore, partial protein sequences from high-resolution, 
two-dimensional gels and electrospray mass spectrometry of protein complexes can be 
used to unambiguously assign peptides to specific gene sequences in the context of the 
whole genome sequence 
This study shows that P. alcaligenes P25X cells, when grown in the presence of the 
aromatic inducer gentisate, undergo significant physiological changes as reflected in 
their protein profiles. These changes include not only the induction of catabolic 
enzymes, such as the inducible GDO II which is directly involved in the degradation of 
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gentisate, but also the induction of stress proteins and membrane proteins. This study 
also demonstrates that characterization of the proteome of organisms with unknown 
genomes can be carried out by a combination of PMF data from MALDI-TOF and 
Q-TOF as well as data obtained from N-terminal sequencing.  
The role of σ54 in the physiological response of P. alcaligenes P25X to gentisate 
induction was assessed by comparing the global protein expression profiles of the 
wild-type P25X with the rpoN mutant strain G54. Analysis of 2D PAGE gels showed 
that 39 out of 355 prominent protein spots exhibited differential expression as a result 
of the insertional inactivation of rpoN. Identification of the protein spots by 
MALDI-TOF/TOF revealed a wide diversity of proteins that are affected by the σ54 
mutation, the largest group being proteins that are involved in carbon metabolism. 
Within this group includes the strictly inducible gentisate 1,2-dioxygenase, one of two 
isofunctional copies of the key enzyme in the gentisate pathway, and enzymes of the 
TCA cycle, pyruvate metabolism and gluconeogenesis. Other proteins that are part of 
the σ54 regulon include enzymes implicated in nitrogen metabolism, transport proteins, 
stress-response proteins and proteins involved in cell motility. The results of this study 
showed that σ54 plays a global regulatory role in the expression of a wide variety of 
genes in P. alcaligenes, including genes enabling the wild-type response to the 
presence of the aromatic inducer, gentisate.  
P25X expresses two isofunctional gentisate 1,2-dioxygenases (GDO I and GDO II), 
however, the expression of both GDOs was not detected when P25X cells were grown 
at 42oC, even in the presence of gentisate. The reason for failure to detect GDOI & II 
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could be due to the lack of expression of the regulatory protein or the enzymes. 
Nineteen heat shock proteins (Hsp) were identified amongst the protein spots that were 
either newly synthesized or were expressed at least two-fold higher when P25X cells 
were cultured at 42oC in the presence and absence of gentisate as the aromatic inducer. 
The Hsps were classified into 6 classes: Hsp100, Hsp90, Hsp70, Hsp60, Hsp45, and 
sHsp. Among these, 16 Hsps were commonly expressed at 42oC, even in the absence 
of gentisate. Two additional Hsps (H5 and H13) from the Hsp90 and Hsp60 families 
were expressed only when P25X cells were grown at 42oC in the presence of gentisate. 
A protein of the sHsp (H16) family was expressed only in the presence of gentisate at 
32oC but not at 42oC. The GroEL chaperonins Hsp60 family comprised the largest 
group of Hsps identified and exhibits high expression at 42 oC following gentisate 
induction. Knowledge gained from this study has identified useful biomarker proteins 
that could affect bioremediation parameters. If P25X cells carrying recombinant groEL 
promoter-driven GDO degradative enzymes can be constructed, it is possible to 
facilitate aromatic hydrocarbon degradation at high growth temperature during 
bioremediation. 
The availability of the peptide sequences of the inducible GDOII identified from 
proteomic experiments has enabled us to perform reverse genetics to clone the hbzE 
gene, coding for the inducible GDO II. A hbz gene cluster containing 9 genes was 
cloned from the P25X mutant G56 (a GDO I knock out mutant), which included the 
hbzE encoding the inducible GDOII and the hbzR encoding a putative LysR-type 
transcriptional regulator. The hbzE was subcloned, overexpressed and purified as a 
196 
recombinant hexahistidine-tagged (6X His-tagged) fusion protein with a molecular 
weight of 150 kDa. The subunit molecular weight of 38 kDa indicated a tetrameric 
structure for a functional GDO II. The inducible GDO II has broad substrate 
specificities and possesses different kinetic characteristics when it was compared to the 
constitutive GDO I (Feng et al., 1999). The recombinant HbzE had an apparent Km of 
116.21 µM and a kcat/Km of 4.79×104 s-1M-1 for gentisate. High kcat/Km values were 
expressed by GDO II against 3-fluoro- and 3-ethylgentisates but no activities were 
observed with 4-chloro- and 4-methylgentisates. Activity of GDOII was stimulated by 
0.5 µM Fe2+ but was strongly inhibited by 5mM Fe2+, Cu2+, Zn2+ and EDTA. Optimal 
GDO II activity was observed at 25 ۫˚C and pI of the enzyme was established to be 4.6. 
The hbzR is divergently transcribed compared to the hbz catabolic genes and displayed 
low homology with NagR (19% identity in 301 amino acids) from Ralstonia strain U2 
and NagR from Polaromonas naphthalenivorans CJ2 (22% identifity in 301 amino 
acids). Reverse transcription PCR indicated that the hbzE expression was regulated by 
HbzR and the hbz cluster contains at least two independently transcribed operons – 
hbzH and hbzIJKLFED which are co-regulated by HbzR in the presence of 3-HBA. A 
putative σ54 promoter (CCGGTCCGCCGCGTGTACTGT) was found to be located 33 
bp upstream of the hbzH and a second σ54 promoter (AGGTGAGAGACCTTGCA) 
was identified 43 bp upstream of the hbzI. This indicated that transcription of both 
hbzH and hbzIJKLFED operons were σ54 dependent. 
The knowledge gained from this research adds to our understanding of the global 
response of P. alcaligenes P25X towards aromatic hydrocarbons, in particular the 
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inducible gentisate pathway, and would help to harness the potential utility of this 
bacterium as well as others in bioremediation of environments contaminated with 













































LB (Luria- Bertani) Medium, per liter (Miller, 1972) 
 
Nacl 10 g 
Tryptone 10g 
Yeast extract 5g 
 
For agar plate, 15 g agar were added before autoclaving. 
 
Basal Minimal Medium (without carbon source), per liter (Hegeman, 1966) 
 
KH2PO4 2 g 
(NH4)2SO4 1 g 
Mineral salt solution (A) 20 ml 
Metals “44” solution (B) 1ml 
 
The pH was adjusted to 7.4 with 1N NaOH. After autoclaving, 1 ml of sterile 40% 
MgSO4 was added. 
 
A. Mineral salt solution, per liter 
 
Nitrilotriacetic acid 10 g 
Potassium hydroxide  7.3 g 
Calcium chloride.2 H2O 3.34 g 
Ammonium molybdate 9.3 mg 
Ferrous sulfate.7 H2O 9.9 mg 
 
B. Metals “44” solution, per liter 
 
EDTA 250 mg 
Zinc sulfate.7 H2O 1100 mg 
Manganese sulfate.H2O 154 mg 
Ferrous sulfate.7 H2O 500mg 
Copper sulfate.5 H2O 40 mg 







Carbon source  
 
Sodium lactate 20 mM 
2, 5-Xylenol 2.5 mM 
3, 5-Xylenol 2.5 mM 
3- Hydroxybenzoic acid 2.5 mM 
Sodium gentisate  2.5 mM 
 
B) Buffers and solutions 
 
0.1M Tris-HCl  
Tris base 12.1 g/L 
pH was adjusted with concentrated HCl.  
 
0.5 M EDTA (pH 8.0) 
EDTA 18.6 g/L 
pH was adjusted with 10N NaOH. 
 
TE 
Tris-HCl (pH8.0) 10mM 
EDTA (pH8.0) 1mM 
 
20×SSC (pH 7.0) 
NaOH 3 M 
Sodium citrate 0.3M 
 
pH was adjusted with concentrated HCl. 
 
Enzyme activity assay:  
0.1M phosphate buffer. pH was adjusted to 7.4 with NaOH before bringing the 




A. 40 mM Tris (pH 8.0) 
 
B. Lysis solution [8 M urea, 4% CHAPS, 40mM Tris (base), 40 ml] 
 
 Final concentration Amount 
Urea (FW 60.06) 8 M 1 19.2 g 
CHAPS 2 4% (w/v) 1.6 g 
Tris base (FW 121.1) 40 mM 0.194 g 
dd H2O  to 40 ml 
Lysis solution was prepared freshly or stored in aliquots at -20 ºC. 
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1.If necessary, the concentration of urea could be increased to 9 or 9.8 M 
2.Other detergents (Triton X-100, NP-40, and other non-ionic or zwitterionic 




A. Rehydration stock solution1 (8 M urea, 2% CHAPS, bromophenol blue, 25 ml)  
 
 Final concentration Amount 
Urea (FW 60.06) 8 M 2 12 g 
CHAPS3 2% (w/v) 0.5 g 
Bromophenol blue Trace (a few grains) 
dd H2O  to 25 ml 
The rehydration stock solution was stored in 2.5 ml aliquots at -20 ºC. 
1.  DTT (7 mg) and IPG Buffer (12.5 µl) were added into per 2.5 ml aliquot of 
rehydration stock solution just prior to use. If loaded with rehydration solution, sample 
was also added just prior to use. 
2.  If necessary, the concentration of urea could be increased to 9 or 9.8 M 
3.  Other detergents (Triton X-100, NP-40, and other non-ionic or zwitterionic 
detergents) could be used instead of CHAPS. 
 
 
B. SDS equilibration buffer1 (50 mM Tris-Cl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 
bromophenol blue, 200 ml) 
 
 Final concentration Amount 
1.5M Tris-Cl, pH8.8 
(see solution D) 
50 mM 6.7 ml 
 
Urea (FW 60.06) 6M 72.07 g 
Glycerol (87% v/v) 30 %(v/v) 69 ml 
SDS (FW 288.38) 2 % 4.0 g 
Bromophenol blue trace a few grains 
dd H2O  to 200 ml 
The SDS equilibration buffer was stored in 40 ml aliquots at -20 ºC. 
1. DTT or iodoacetamide was added prior to use.  
 
C. Monomer stock solution (30% acrylamide, 0.8% N,N'-methylenebisacrylamide, 200 
ml) 
 
 Final concentration Amount 
Acrylamide (FW 71.08) 30% 60.0g 
N,N'-methylenebisacrylamide . 
(FW 154.17) 
0.8% 1.6 g 
dd H2O  to 200 ml 
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The monomer stock solution must be filtered through a 0.45 µm filter and stored at 4ºC 
away from light. 
 
D. 4X Resolving gel buffer (1.5 M Tris-Cl pH 8.8, 1000 ml) 
 
 Final concentration Amount 
Tris base (FW 121.1) 1.5 M 181.5 g 
dd H2O  750 ml 
HCl (FW 36.46)  adjust to pH 8.8 
dd H2O  to 1000 ml 
The resolving gel buffer must be filtered through a 0.45 µm filter and stored at 4 ºC. 
 
E. 10% SDS 
 
 Final concentration Amount 
SDS (FW 288.38) 10% (w/v) 5.0 g 
dd H2O  to 50 ml 
The 10% SDS solution must be filtered through a 0.45 µm filter and stored at room 
temperature. 
 






Ammonium persulphate (FW 228.20) 10 % 0.1 g 
dd H2O  To 1ml 
The 10% ammonium persulphate was prepared just prior to use. 
 
G. SDS electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 5 liters) 
 
 Final concentration Amount 
Tris base (FW 121.1) 25 mM 15.1 g 
Glycine (FW 75.07) 192 mM 72.1 g 
SDS (FW 288.38) 0.1% (w/v) 5.0 g 
dd H2O  to 5000 ml 
The SDS electrophoresis buffer was stored at room temperature. 
 
H. Agarose sealing solution  
 Final concentration Amount 
SDS electrophoresis buffer 
(see solution G) 
 100 ml 
Agarose 0.5 % 0.5 g 
















Z h a o b in g  M 5




0 2 1 2 3 0 -0 4  4  (0 .3 6 0 ) T O F  M S  E S +  
1 9 54 7 2 .2 54 0 6 .5 5
3 4 6 .6 9
2 1 7 .1 3
2 7 1 .1 6 3 0 7 .1 8
3 4 7 .2 0
3 6 1 .2 0
3 7 9 .2 4
4 1 7 .2 4
4 6 4 .2 8
4 5 3 .9 0
4 8 1 .2 4
4 8 1 .7 5 5 1 9 .7 5
4 8 2 .2 6
5 1 9 .2 6
5 2 0 .2 5
5 2 8 .3 0 6 0 9 .3 3
5 2 8 .7 9
5 8 7 .3 2
6 0 9 .8 3 7 0 7 .8 8
6 7 2 .3 96 4 5 .4 2 8 1 5 .4 57 4 3 .4 4 7 7 7 .4 0
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021230-06   MaxEnt 3  25 [Ev-80437,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 519.75ES+ 
 N  Y T L  V D GE K bMax
























Z h a o b in g  M 5  ( 4 7 2 . 2 5 + 2 )
0 2 1 2 3 0 - 0 5    M a x E n t  3   1 2  [ E v - 1 0 4 8 8 8 , It 5 0 , E n 1 ]  ( 0 . 0 2 0 , 1 2 9 . 0 0 , 0 . 1 3 5 , 9 0 0 . 0 0 , 2 , C m p ) 1 :  T O F  M S M S  4 7 2 . 2 5 E S +  
 A   G   D  L  T  P  L  E  K  b M a x
 K   E  L  P  T   L  D  G  A  y M a x
4 8 6 . 2 8
y 4
2 4 4 . 0 8
b 3
1 2 9 . 0 6
b 2
8 6 . 1 0
L 2 0 1 . 1 2
4 7 2 . 2 7
3 2 9 . 1 7
a 42 7 6 . 1 5
y 2 3 4 0 . 1 8
4 4 0 . 1 9
5 8 7 . 3 1
y 5
5 6 9 . 3 0
5 4 3 . 2 9
8 1 5 . 4 0
y 77 0 0 . 3 9
y 6
6 8 2 . 3 8
7 9 7 . 3 9
b 8
7 0 1 . 4 5
8 7 2 . 4 3
y 8 9 4 3 . 4 6 ( M + H )  +
9 2 5 . 4 4
9 4 4 . 5 5
9 8 3 . 5 5
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021230-09   MaxEnt 3  12 [Ev-25863,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 527.80ES+ 
 W  V  G V P D  L L R bMax


















021230-08   MaxEnt 3  16 [Ev-60240,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 464.27ES+ 
 TR  P  V  L  W R bMax

























Appendix 3 MS/MS spectrum for protein M5 (continue) 
 





021230-12   MaxEnt 3  25 [Ev-65853,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 609.33ES+ 
 YA  D  V  GV  P D  L  L R bMax




























021230-10   MaxEnt 3  45 [Ev-25646,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 707.88ES+ 
 E  S  L  N L G T V E  D  L P K bMax
























Appendix 4  
Restriction maps of plasmid vectors used in this study  
A) pRK 415 (Keen et al., 1988)  
Plasmid pRK 415  
 
 
Broad host range plasmid used for cloning and gene expression in E.coli and 

























pPS856 is the source of GmR gene cassette 
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Pseudomonas alcaligenes NCIB 9867 (P25X wild-type) is capable of degrading aromatic
hydrocarbons via the gentisate pathway. Biochemical characterization of P25X mutants indi-
cated that it has isofunctional enzymes for the mono- and dioxygenase-catalyzed reactions.
One set of the enzymes is constitutive whereas the other is strictly inducible. To date, only the
gene encoding the constitutively-expressed gentisate dioxygenase had been cloned and
characterized. A mutant strain of P25X, designated G56, which had the constitutive copy of
the gentisate 1,2-dioxygenase gene interrupted by a streptomycin/spectinomycin resistance
gene cassette, was found to express gentisate dioxygenase, but only when the cells were
induced by gentisate. The proteome profiles of P. alcaligenes P25X and mutant G56 cells
grown in the presence and absence of gentisate were compared after two-dimensional poly-
acrylamide gel electrophoresis. Eight distinctive protein spots (designated M1–M8) which
were observed only in induced cells of strain G56 but absent in noninduced cells were
further analyzed by matrix-assisted laser desorption/ionization-time of flight, quadrupole-
TOF and N-terminal sequencing. Of the 15 proteins (including seven up-regulated) exam-
ined, 13 showed sequence similarities to proteins with assigned functions in other micro-
organisms. The identification of protein M5 which showed high homology to a gentisate
dioxygenase from Ralstonia sp. U2 indicated the putative function of this protein being con-
sistent with the inducible gentisate 1,2-dioxygenase in P. alcaligenes. In addition, the induc-
tion of stress proteins and other adaptation phenomena were also observed.
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1 Introduction
Pseudomonas alcaligenes NCIB 9867 (strain P25X wild-
type) is a soil bacterium that is capable of degrading xyle-
nols, and cresols via the gentisate pathway. One of the
key enzymes in the gentisate pathway is gentisate 1,2-di-
oxygenase (GDO) that catalyzes the fission of the genti-
sate aromatic ring, yielding maleylpyruvate which is then
channeled through a series of reactions to ultimately yield
TCA cycle intermediates. P25X had been established to
harbour isofunctional enzymes for the gentisate pathway,
one set being constitutively expressed whereas the other
set is strictly inducible [1]. The inducible set of enzymes
was synthesized during growth on gentisate and had
marked differences in substrate specificities when com-
pared to the constitutive set of enzymes [1]. We have
recently cloned the gene for the constitutive GDO-I, xlnE,
and showed it to be further inducible [2]. A xlnE knock-out
strain of P25X, designated strain G56, was constructed
by inserting a streptomycin/spectinomycin resistance
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gene cassette into xlnE. GDO activity could only be de-
tected when G56 cells were induced with aromatic sub-
strates, indicating the functional presence of the strictly
inducible GDO-II in G56 [2]. So far, the gene encoding
GDO-II is still refractory to cloning.
In this study, a proteomic approach which employed 2-D
PAGE and MS to analyze proteins expressed by P. alcali-
genes P25X and the mutant strain G56 grown in the
presence and absence of the aromatic inducer, gentisate,
was undertaken. MALDI-TOF MS, ESI-MS/MS utilizing a
quadrupole time of flight (Q-TOF) MS and N-terminal se-
quencing were employed to identify the distinctive pro-
teins in 2-D PAGE expressed by G56 cells grown in the
presence of gentisate. The strategies used to analyze the
MS results and their implications are discussed.
2 Materials and methods
2.1 Bacterial strains, growth and induction
P. alcaligenes P25X was maintained on minimal agar
plates containing 2.5 mM 2,5-xylenol as the sole carbon
source. The P25X mutant, G56, was maintained on (Luria
broth) agar supplemented with streptomycin and specti-
nomycin at concentrations of 100 mg/mL each. For pro-
teome analysis, overnight cultures of G56 in 10 mL LB
broth were inoculated into 2-litre flasks containing 500 mL
of liquidminimal media [3] with 20mM sodium lactate. The
cultures were grown with shaking at 327C to an OD580 of
0.5–0.6. Gentisate, as the inducer, was introduced to the
culture at a final concentration of 2.5 mM. Although G56
cells were able to grow on gentisate as the sole carbon
source, the amount of cells and thus, the amount of pro-
teins produced, would be very little when compared to
growth on lactate. Since it is impractical to resolve low
amounts of protein on 2-D gels, cells were grown on lac-
tate and induced with gentisate, as has been established
and carried out previously [1, 2]. To obtain uniform sam-
ples for proteome analysis, all cultures were incubated in
the presence of gentisate for 8 h and harvested at the late
exponential growth phase.
2.2 Preparation of cell extracts
Bacterial cells were harvested by centrifugation at
100006g for 10 min at 47C, and washed twice with
40 mM Tris-Cl (pH 8.0). The cells were then resuspended
in 40 mM Tris-Cl (pH 8.0) to a cell density of 0.5 g wet
weight/mL. The cell suspension was sonicated using a
3/4 inch probe on a MSE-Soniprep-150 (Sanyo Gallen-
kamp, Leicester, UK) for 10 s with a 20 s cooling interval
between each pulse. Cell disruption by sonication was
carried out for a total of 10 min. During sonication, the
cell suspension was maintained in ice-cold slurry. Sam-
ples were then treated with DNAse and RNAse at final
concentrations of 1 mg/mL and 5 mg/mL, respectively,
for 20 min at room temperature, after which they were
centrifuged at 120006g for 10 min at 47C. The superna-
tant was collected in 50 mL centrifuge tubes and ice-cold
methanol was added to a final volume of 40 mL in each
tube. The tubes were placed at 2807C for an hour prior
to centrifugation at 120006g for 30 min at 47C. The
resulting pellet was resuspended in 0.5 mL of lysis solu-
tion (8 M urea, 4% CHAPS, 40 mM Tris).
2.3 2-DE
The PlusOne 2D Quant Kit (Amersham Biosciences,
Uppsala, Sweden) was used to quantify the concentration
of each protein sample. An aliquot of cell extract contain-
ing 60 mg of proteins from each cell extract was analyzed
by 2-DE. A 13 cm long IPG strip gel (pH 4–7; Amersham
Biosciences) was rehydrated overnight in rehydration
solution (8 M urea, 2% CHAPS, 0.002% bromophenol
blue) containing the sample in a total volume of 250 mL.
IEF was performed using a IPGphor IEF system (Amers-
ham Biosciences) and conducted by stepwise increase of
the voltage as follows: 500 V for 1 h, 1000 V for 1 h and
8000 V until the total volt-hours reached 16 kVh. After IEF
separation, strips were equilibrated twice, for 15min each
time, in SDS equilibration buffer (50 mM Tris-Cl, pH 8.8;
6 M urea, 30% glycerol, 2% SDS, 0.0002% bromophenol
blue). The first equilibration step contained DTT (final con-
centration: 100 mg DTT per 10 mL of SDS equilibration
buffer) and the second step had iodoacetamide added
without DTT (final concentration: 250 mg iodoacetamide
per 10 mL of equilibration buffer). IPG strips were then
placed over a 12.5% polyacrylamide gel (18616 cm) and
electrophoresis was carried out at 15 mA/gel for 15 min,
after which the current was increased to 30 mA/gel until
the bromophenol blue had run off the end of the gel.
The gels were stained with Silver Stain Plus (Bio-Rad,
Hercules, CA, USA). For Coomassie blue R350 staining
of the 2-D gels, protein loading was increased to 500 mg
in a total volume of 250 mL. The IEF was conducted by
stepwise increase of the voltage as follows: 500 V for 1 h,
1000V for 1 h, and 8000Vuntil 24 kVhwas reached. Coo-
massie blue stained gels were used to verify the results
obtained by silver staining as well as for excision of pro-
tein spots to be identified byMS. For each sample, dupli-
cate gels were electrophoresed for each of the six inde-
pendent runs. Gel evaluation and data analysis were car-
ried out using the ImageMaster V3.01 program (Amersham
Biosciences).
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2.4 In-gel digestion and acquisition of MS and
MS/MS spectra
Proteins spots were excised from the 2-D gels and were
in-gel digested with trypsin following the procedure
described by Shevchenko and coworkers [4]. Mass
spectra of each spot were acquired using a PerSeptive
Biosystems Voyager-DE STR MALDI-TOF mass spec-
trometer (Applied Biosystems, Forster City, CA, USA)
operating in delayed extraction reflectron mode. In addi-
tion, nano electrospray ionization (ESI) MS/MS was also
performed for the purified tryptic digests (using Zip-Tip
C18 pipette tips: Millipore, Bedford, MA, USA) in a Q-TOF
2 mass spectrometer (Micromass, Milford, MA, USA)
and partial amino acid sequences of the peptides were
obtained.
2.5 N-terminal sequencing
The proteins in the gels were passively eluted overnight
in 100 mL elution buffer (100 mM sodium acetate (unbuf-
fered), 0.1% SDS and 50 mM DTT) at 377C with shaking.
The eluant was removed, spotted onto a PVDF mem-
brane and washed using a ProSorb cartridge (PE Bio-
systems, Foster City, CA, USA). The sample was sub-
jected to 15 cycles of N-terminal sequencing by auto-
mated Edman degradation using an Applied Biosystems
494 Procise Protein Sequencing System. Performance of
the sequencer is assessed routinely with 10 pmol b-lacto-
globulin standard.
2.6 Data interpretation and database searching
Peptide mass fingerprints (PMF) of the tryptic peptides
from MALDI-TOF MS together with the isoelectric points
and molecular weight values were used to search the
National Center for Biotechnology Information (NCBI) pro-
tein database using the ProFound peptide mapping pro-
gram (ProteoMetrics) at http://129.85.19.192/profound_
bin/WebProfound.exe as well as MS-Fit at http://
prospector.ucsf.edu/ucsfhtmL4.0/msfit.htm. Database
searching using ESI MS/MS data was carried out at the
Matrix Science website (http://www.matrixscience.com)
using MASCOT [5]. The amino acid sequences obtained
from ESI MS/MS of the spots that were still unidentified
were edited according to the rules provided by Shev-
chenko et al. [6] and subjected to MS BLAST searching
using WU-BLAST2 at the EMBL website (http://
dove.embl-heidelberg.de/Blast2/). The strategies used
for identification of homologous proteins are outlined in
Fig. 1.
Figure 1. Strategy employed in
this study for the identification of
proteins from the data obtained
from MALDI-TOF MS, Q-TOF
MS and N-terminal sequencing.
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3 Results
3.1 Gentisate-induced proteins identified by
MALDI-TOF and Q-TOF
Proteins extracted from P25X and G56 cells grown
under non-induced and induced conditions were sepa-
rated by 2-D PAGE across the pH range 4–7. The pres-
ence of eight protein spots (designated M1 to M8) were
consistently observed when cell extracts from G56
induced with gentisate were resolved in the 2-D gel
shown in Fig. 2B, and they were absent from uninduced
cell extracts resolved in the 2-D gel shown in Fig. 2A.
Induction of G56 cells by gentisate also led to the up-
regulation of seven protein spots, designated U1 to
U7, with the criteria of an up-regulated protein show-
ing at least three-fold increase in intensity after staining
(Fig. 2D) when compared to uninduced cell extracts
(Fig. 2C).
All 15 protein spots (M1 toM8 and U1 to U7) were excised
from Coomasssie blue-stained gels, subjected to trypsin
digestion and analyzed by MALDI-TOF MS. The tryptic
peptide masses obtained for each protein spot were
searched against the MALDI-TOF MS PMF database but
only one of the spots, U5, was positively identified as iso-
citrate dehydrogenase from Pseudomonas aeruginosa
PAO1 with 22% sequence coverage (92/418 amino acid
sequences, predicted mass = 45.58 kDa, predicted pI =
5.10).
Figure 2. 2-D PAGE of proteins extracted from P. alcaligenes mutant G56 cells grown in minimal media containing 20 mM
lactate and either uninduced (2A and 2C) or induced with 2.5 mM gentisate (2B and 2D). Gels were either silver-stained
(2A and 2B) or stained with Coomassie blue (2C and 2D). Protein spots designated with the prefix M represented induced
de novo proteins that were detected only in gels of induced cells, whereas spots designated with the prefix U signified
proteins that were up-regulated in induced cells (the criteria for an up-regulated protein spot was an at least three-fold
increase in intensity of the spot in an induced sample when compared to an uninduced sample).
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The protein spots were also subjected to Q-TOF MS and
the resulting data were used to search the NCBI database
using MASCOT. This led to the positive identification of
three other protein spots: M6, U4 and U6. M6 was identi-
fied as an amino acid-binding protein from Pseudomonas
putida KT2440 with a score of 45, U4 showed similarity to
a flagellin protein from Pseudomonas oleovorans with a
score of 53, whereas U6 was identified as a C4-dicarbox-
ylate-binding protein from P. aeruginosa PAO1 with a
score of 153. The Q-TOF MS data also corroborated the
identity of protein U5 as isocitrate dehydrogenase with a
score of 168.
Peptide sequences obtained from Q-TOF for the remain-
ing 10 unidentified proteins were edited following the
rules provided by Shevchenko et al. [6] and further ana-
lyzed using MS BLAST. This led to the identification of
eight proteins (M1, M3, M4, M5, M7, M8, U1 and U7)
which showed similarities to proteins with assigned func-
tions in the database, whereas two other proteins, U2 and
U3, remained unidentified.
Interestingly, protein M5 had shown high homology to the
amino acid sequence of gentisate 1,2-dioxygenase from
Ralstonia sp. U2. The match (total score was 107 with one
peptide sequence showing 70% homology while another
showing 87% homology) was higher than the threshold
score [6]. These results are summarized in Tables 1 and 2.
3.2 N-terminal sequencing of unidentified
up-regulated proteins
The two protein spots U2 and U3 that were unidentified by
MALDI-TOF and Q-TOFMS were subjected to N-terminal
sequencing. The N-terminal sequences that were ob-
tained were edited accordingly [6] and subjected to














M1 MVAGEVPETLR 91 86
TALVEGLAQR 81 71
NNPVLLGEPAAAK 64 69
M3 GAGTFEFLYEDGR 85 95
VLEEATNYLDEK 46 40
M4 AVDKPMFPQ 88 61
VDKPMFPQ 87 55
RALLGARDR 66 31
M5 AGDLTPLEK 70 59
YTLVDGEK 87 48
M6 LGLEAAYPPFAFK 45.3
M7 LFDDAFR 87 58
DGVLTLT 62 49
M8 LALTGASGQLGR 83 74
YTSVLH 83 37
U1 SLYEVSLVDTAK 76 64
EDLNVPVK 88 63
AFAEDAEATVK 75 63
U2a) DLQALEQAARAE 91 72
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U7 LFDDAFR 75 60
LALELPGVEEK 63 47
DGVLTLT 62 40
a) Peptide sequences were identified by N-terminal sequencing. Others were identified by Q-TOF
MS analysis.
database searches using MS BLAST. The 12 N-terminal
amino acid sequences of U2 shared 91% identity with a
hypothetical protein from P. aeruginosa PAO1 whereas
the 11 N-terminal amino acid sequences of U3 shared
90% identity with a leucine-, isoleucine-, valine-, alanine-,
and threonine-binding protein (LIVAT-BP) precursor from
P. aeruginosa PAO1 (Tables 1 and 2).
4 Discussion
In this study, the proteome profiles of P. alcaligenes P25X
wild-type and mutant strain G56 grown in the presence
and absence of gentisate were investigated. Eight pro-
teins were found to be induced de novo and seven were
up-regulated in strain G56 cells grown in lactate and
induced with gentisate. Data obtained from MALDI-TOF
and Q-TOFMS as well as N-terminal sequencing enabled
us to identify 14 of the 15 proteins.
Of the proteins that have been characterized, M5 is of
particular interest. Results of Q-TOF MS analysis of two
tryptic peptide fragments of M5 revealed sequences that
were highly homologous with gentisate 1,2-dioxygenase
from Ralstonia sp. U2 [7]. Since G56 did not express
constitutive GDO-I [2], this indicates the high likelihood
that M5 is the strictly inducible GDO-II. As most of the
genes involved in gentisate catabolism have not been
characterized, the availability of amino acid sequences
from this study would enable reverse genetics to be car-
ried out. This would not only enable us to validate if M5
is truly GDO-II, but also to investigate if other proteins
that only showed identity with hypothetical ORFs of
unknown function (in particular, M8 and U2) could also
be involved in gentisate catabolism. Similarly, any possi-
ble involvement of M3 and M4 (that were identified as
biotin carboxylase and ubiquinol-cytochrome C reduc-
tase, respectively) in gentisate catabolism, could be fur-
ther investigated.
It is also interesting to note that one of the proteins U5 that
was up-regulated in the presence of gentisate was identi-
fied as isocitrate dehydrogenase that catalyzes the con-
version of isocitrate to 2-oxoglutarate and CO2 with the
concomitant reduction of NADP to NADPH in the TCA
cycle. Gentisate degradation via the gentisate pathway
leads to the formation of malate and pyruvate that are
channeled directly into the TCA cycle; thus, it would
appear that growth on gentisate could result in the in-
creased expression of an enzyme in the central metabolic
pathway as well.
Another up-regulated protein, U1, was identified as phos-
phoglycerate kinase (PGK) which catalyzes the conver-
sion of 3-phosphoglycerate to 3-phospho-D-glycerol phos-
phate and the production of ATP. Mutants of P. aeruginosa
defective in PGK were unable to grow on gluconeogenic
precursors such as glutamate, succinate or lactate [8].
An increase in the levels of PGK observed could be due
to an increase in the concentrations of pyruvate and
oxaloacetate arising from the degradation of gentisate.
In addition, lactate that is supplied in the growth medium
may be converted into pyruvate as well.
We also found that growth of P. alcaligenes in gentisate
induced the synthesis of heat shock proteins, in particular
the HSP20 and HSPF family (proteins M7 and U7, respec-
tively). Several studies have shown that when bacteria
such as Escherichia coli [9, 10] and P. putida [11] were
subjected to adverse conditions such as exposure to
pollutants, nutrient limitations and temperature extremes,
stress response proteins were synthesized to enhance
cellular survival [12, 13]. The identification of M1 as a
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M2 n.i. n.i.c), d)
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U7 n.i. n.i. HSPF Bradyrhizobium
japonicum
a) I.P. identified protein
b) Org. organism
c) n.i. not identified
d) Q-TOF MS analysis did not yield any amino acid sequence
e) P. Pseudomonas
f) Leucine-, isoleucine-, valine-, threonine-, and alanine-binding protein precursor
chaperone-associated ATPase may be part of another
adaptation strategy employed by P. alcaligenes in re-
sponse to the presence of gentisate. Some chaperones
such as DnaK or GroEL which protect the cell against
toxic effects [14, 15] are known to possess a peptide-
dependent ATPase [16–18], while others, such as SecB
and HSP90, can recruit an assistant ATPase such as
SecA and HSP70, respectively [16–18].
Induction by gentisate also appeared to result in the
up-regulation of a protein identified as flagellin (U4) in
P. alcaligenes. Chemotactic responses are known to allow
motile microorganisms to rapidly move towards a micro-
environment optimal for their growth and survival [19]. For
bacteria that are capable of utilizing aromatic hydrocar-
bons as sources of carbon and energy, these substrates
may serve as chemoattractants as well. Aromatic hydro-
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carbons such as benzoate, 4-hydroxybenzoate and sa-
licylate have indeed been reported to serve as chemoat-
tractants for P. putida PRS2000 [20], as benzene and
ethylbenzene are for P. putida F1 [21] and naphthalene
for P. putida G7 [22–24]. Whether there is any relationship
between the observed gentisate-induced up-regulation of
flagellin in P. alcaligenes and the chemotactic response
and motility would require further investigations.
Several periplasmic proteins were identified in this study.
Membrane located proteins were observed in the 2-D
PAGE gels as the procedure employed in this study
extracts the total proteome and did not select against
the membrane proteins, hence, the finding of membrane
proteins in the analysis. M6 was identified as a periplas-
mic basic amino acid-binding protein whereas U3 shared
N-terminal sequence identity with a leucine-, isoleucine-,
valine-, alanine-, and threonine-binding protein (LIVAT-BP)
precursor. These proteins are components of bacterial
binding-protein (BP)-dependent solute transport systems
[25] and were found to participate in the transport of amino
acids [26]. In P. aeruginosa, the LIVAT-BP transport system
mediates the transport of branched-chain amino acids
[26]. Periplasmic BPs of Gram-negative bacteria are com-
monly involved in the transport of, and chemotaxis towards
substrates such as sugars, amino acids, peptides, ions
and vitamins [27]. The increased expression of periplasmic
BPs in P. alcaligenes P25X suggests that P25X may physi-
ologically adjust the transport systems located on the cell
membrane to facilitate or restrict the vectorial movement of
nutrients or toxic compounds across the cell membrane, or
these transport systems may function as part of the puta-
tive chemotactic responses towards gentisate.
Another periplasmic protein that was observed to be up-
regulated was U6 which was identified as the periplasmic
C4-dicarboxylate-binding protein (DctP). Substrate bind-
ing proteins are essential components of bacterial bind-
ing protein-dependent transport systems, which essen-
tially comprise both periplasmic and membrane-bound
components [28]. DctP binds succinate, malate and
fumarate as physiological substrates [29] and has been
extensively characterized with respect to its ligand bind-
ing kinetics and conformational thermodynamics [29, 30].
The increased levels of DctP seen in cells induced with
gentisate are postulated to be linked to gentisate degra-
dation through the interaction with TCA cycle intermedi-
ates such as malate and fumarate.
5 Concluding remarks
Taken as a whole, this study shows that P. alcaligenes
P25X cells, when grown in the presence of the aro-
matic inducer gentisate, undergo significant physiolog-
ical changes as reflected in their protein profiles. These
changes include not only the induction of catabolic
enzymes, such as the inducible GDO-II which is direct-
ly involved in the degradation of gentisate, but also the
induction of stress proteins and membrane proteins.
This study also demonstrates that characterization of
the proteome of organisms with unknown genomes
can be carried out by a combination of PMF data from
MALDI-TOF and Q-TOF as well as data obtained from
N-terminal sequencing.
The use of proteomics and combined protein identifi-
cation strategies demonstrates the usefulness of this
approach as a powerful tool for further investigations of
the mechanisms employed by bacteria to degrade aro-
matic hydrocarbons and the associated physiological
responses. This overcomes the tedious classical ap-
proach involved in gaining an understanding of pathway
enzymes employed in degradation of aromatic hydro-
carbons. The discovery of M5 protein is such an example.
These data would enable us to further characterize the
genes and proteins involved in gentisate degradation
through reverse genetics, a focus of our current on-going
research. This, in turn, would ultimately lead to a better
understanding of the gentisate degradative pathway and
the P. alcaligenes cellular response towards aromatic
hydrocarbons, with potential practical implications in
bioremediation.
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REGULARARTICLE
Proteome investigation of the global regulatory role of
54 in response to gentisate induction in Pseudomonas
alcaligenes NCIMB 9867
Bing Zhao1, Chew Chieng Yeo2 and Chit Laa Poh1
1 Programme in Environmental Microbiology, Department of Microbiology, Faculty of Medicine,
National University of Singapore, Singapore
2 Department of Biotechnology, Malaysia University of Science and Technology, Selangor, Malaysia
Pseudomonas alcaligenes NCIMB 9867 (strain P25X) utilizes the gentisate pathway for the degra-
dation of aromatic hydrocarbons. The gene encoding the alternative sigma (s) factor s54, rpoN,
was cloned from strain P25X and a rpoN knock-out strain, designated G54, was constructed by
insertional inactivation with a kanamycin resistance gene cassette. The role of s54 in the physi-
ological response of P. alcaligenes P25X to gentisate induction was assessed by comparing the
global protein expression profiles of the wild-type P25X with the rpoN mutant strain G54. Anal-
ysis of two-dimensional polyacrylamide gel electrophoresis gels showed that 39 out of 355 pro-
minent protein spots exhibited differential expression as a result of the insertional inactivation of
rpoN. Identification of the protein spots by matrix-assisted laser desorption/ionization-time of
flight/time of flight revealed a wide diversity of proteins that are affected by the s54 mutation, the
largest group being proteins that are involved in carbon metabolism. The strictly inducible gen-
tisate 1,2-dioxygenase, one of two isofunctional copies of the key enzyme in the gentisate path-
way, and enzymes of the TCA cycle, pyruvate metabolism and gluconeogenesis were part of this
group. Other proteins that are part of the s54 regulon include enzymes implicated in nitrogen
metabolism, transport proteins, stress-response proteins and proteins involved in cell motility.
The results of this study showed that s54 plays a global regulatory role in the expression of a wide
variety of genes in P. alcaligenes, including the wild-type response to the presence of the aromatic
inducer, gentisate.
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1 Introduction
The bacterial degradation of aromatic hydrocarbons involves
complex regulatory circuits. Some of these regulatory cir-
cuits utilize different sigma (s) factors. In bacteria, the s
subunit is required for promoter recognition and initiation
of transcription [1]. Several s factors are often present in
bacterial genomes and each of them provides a different
specificity to the RNA polymerase and thus, the ability to
initiate transcription from different sets of promoters. s54,
encoded by rpoN, is unique in that it has a number of fea-
tures which make it very different from the other s factors
[2]. Not only is s54 not related in sequence to the other s
factors, it has a totally different mechanism of transcription
initiation and requires the participation of a transcription
activator which binds specific sequences (known as
upstream activating sequences) that are located in a rela-
tively remote position from the transcription start site [1, 2].
The s54 factor enables RNA polymerase to initiate tran-
Correspondence: Dr. Chit Laa Poh, Department of Microbiology,
Faculty of Medicine, National University of Singapore, Block
MD4, 5 Science Drive 2, Singapore 117597
E-mail: micpohcl@nus.edu.sg
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Abbreviations: G54, Pseudomonas alcaligenes NCIMB 9867 s54
mutant; Km, kanamycin; LPD, lipoamide dehydrogenase; P25X,
Pseudomonas alcaligenes NCIMB 9867; TCA, tricarboxylic acid
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scription from a class of 224/212 promoters that differ
considerably from the vegetative 235/210 promoter (s70-
dependent).
Despite being initially identified as a s factor required for
the transcription of nitrogen-regulated genes in Escherichia
coli and other Gram-negative bacteria [3–5], a number of dif-
ferent and disparate genes in prokaryotes are now known to
be transcribed from s54-dependent promoters. Among these
diverse functions, are genes involved in transport and me-
tabolism of different nitrogen and carbon sources, energy
metabolism [6], RNA modification [7], chemotaxis, develop-
ment, flagellation, electron transport, response to heat and
phage shock [8], as well as the expression of alternative s
factors [9–12]. In Pseudomonas putida, genes for the catabo-
lism of aromatic hydrocarbons such as m-xylene and toluene
[13], as well as phenols [14], are often placed under the con-
trol of s54-dependent promoters. Recently, computational
analysis of the P. putida KT2440 genome sequence predicted
the presence of 46 s54-dependent promoters controlling the
expression of diverse genes that ranged from their involve-
ment in carbon and nitrogen metabolism to flagella and
motility [15]. Up to 22 proteins were identified as possible
s54-dependent activator proteins, a number that is higher
than the 13 discovered in the E. coli genome and identical to
the 22 found in Pseudomonas aeruginosa and served to
underline the importance of s54 in the global expression of
genes in prokaryotes [15].
P. alcaligenes NCIMB 9867 (strain P25X) is a soil bacteri-
um capable of degrading xylenols and cresols as well as their
methylated and halogenated derivatives via the gentisate
pathway, one of the three main pathways in bacterial aro-
matic hydrocarbon degradation [16]. P. alcaligenes P25X is
known to harbour isofunctional genes for the gentisate
pathway, one set being constitutively expressed whereas the
other set is strictly inducible by aromatic substrates [17]. We
have cloned the gene encoding the constitutively-expressed
gentisate 1,2-dioxygenase, xlnE, an enzyme that catalyzes the
oxidative cleavage of the gentisate aromatic ring, the key
reaction in the gentisate pathway [18]. xlnE was found to be
part of an operon that comprises six genes and is transcribed
from a s70-dependent 235/210 promoter [18]. Our recent
study had shown that when an xlnE knock-out strain of P25X
was grown in the presence of gentisate, significant physio-
logical changes, as reflected in their protein profiles, were
observed [19]. These changes include not only the induction
of catabolic enzymes (such as the strictly inducible gentisate
1,2 dioxygenase) and some downstream enzymes of genti-
sate degradation (e.g., isocitrate dehydrogenase), but also the
induction of stress proteins (heat-shock proteins and cha-
perone-associated ATPases), membrane proteins and fla-
gellin protein [19]. To investigate the role of s54 in gentisate
degradation in P. alcaligenes P25X, the rpoN gene which
encodes for s54 in P25X was cloned and an rpoN knock-out
strain was created. Here, we report on the comparative anal-
ysis of the proteome profiles of P25X wild-type and its rpoN
knock-out derivative, P. alcaligenes NCIMB 9867 s54 mutant
(G54), when induced with gentisate. The identification,
using MALDI-TOF/TOF, of proteins that showed differential
expression in the wild-type strain when compared to the s54
mutant is presented and the implications of the results, dis-
cussed.
2 Materials and methods
2.1 Bacterial strains, growth and induction
P. alcaligenes P25X was maintained on minimal agar plates
containing 2.5 mM 2,5-xylenol (2,5-dimethylphenol) as the
sole carbon source. The P25X rpoN<Km knock-out strain,
G54, was maintained on Luria agar supplemented with
kanamycin (Km) at a concentration of 25 mg/mL. E. coli
DH5a was used as a host for recombinant pGEM-T Easy
plasmids and was maintained on Luria agar, and supple-
mented with ampicillin at a concentration of 100 mg/mL,
when appropriate. For proteome analysis, overnight cultures
of either P25X or G54 in 10 mL liquid Luria-Bertani medium
were inoculated into 2 L flasks containing 500 mL of liquid
minimal media [20] with 20 mM sodium lactate. The cultures
were grown with shaking at 327C to an OD580 of 0.5–0.6.
Gentisate, as the inducer, was introduced to the culture at a
final concentration of 2.5 mM. Although P25X and G54 cells
were able to grow on gentisate as the sole carbon source, the
amount of cells and thus, the amount of proteins produced,
would be very little when compared to growth on lactate.
Since it is impractical to resolve low amounts of protein on
2-D gels, cells were grown on lactate and induced with gen-
tisate, as has been established and carried out previously [18,
21]. To obtain uniform samples for proteome analysis, all
cultures were incubated for a further 8 h after gentisate
induction and harvested at the late exponential growth
phase.
2.2 Cloning of the rpoN gene encoding 54 from
P. alcaligenes P25X
Primers rpoN-F (5’- CCA TGA AAC CAT CGC TCG TCC
TAA AAA TG -3’) and rpoN-R (5’- CTA CAT CAG TCG CTT
GCG TTC GCT C -3’) were designed based on the 5’ and 3’
ends of rpoN from P. putida (accession no. X16474), Pseudo-
monas aeruginosa (accession no. AE004860) and Pseudomonas
stutzeri (accession no. AJ223088). PCR was carried out using
Expand High Fidelity DNA Polymerase (Roche Diagnostics,
Mannheim Germany) with P. alcaligenesP25X genomic DNA
as the template, primers rpoN-F and rpoN-R, for 25 cycles
with an annealing temperature of 527C. The 1.5 kb amplified
product obtained from the PCR was purified using GFX spin
columns (Amersham Biosciences, Uppsala, Sweden) and
cloned into the pGEM-T Easy cloning vector (Promega,
Madison, WI, USA). Recombinant plasmids from E. coli
DH5a were extracted using the Wizard SV Miniprep Plas-
mid Purification Kit from Promega. DNA sequencing was
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carried out using the BigDye Terminator Cycle Sequencing
Ready Reaction kit (Applied Biosystems, Framingham, MA,
USA) in an ABI Prism 377 DNA Sequencer (Applied Bio-
systems). Complete sequencing of the 1.5 kb rpoN fragment
was performed on both strands of the DNA by primer walk-
ing. DNA sequences were compiled and analyzed using
Lasergene sequence analysis software (DNASTAR, Madison,
WI, USA). Comparison of sequence data was carried out
using BLAST at http://www.ncbi.nlm.nih.gov/BLAST. The
sequence for the P. alcaligenes rpoN gene has been deposited
in GenBank under accession no. AF538690.
2.3 Site-directed mutagenesis of rpoN and
construction of the rpoN<Km P25X knockout
strain, G54
Site-directed mutagenesis was used to engineer a HindIII
site at nucleotide 779 of the cloned P. alcaligenes rpoN. This
was carried out using a Quick Change Site-Directed Muta-
genesis kit (Stratagene, La Jolla, CA, USA) following the
manufacturer’s protocol. Mutagenic primers used were
rpoN-HdIII-mutF (5’- CTG ATG CGC CGC ACC AAG CTT
AAG GAA GAC GAA CTG -3’) and rpoN-HdIII-mutR
(5’-CAG TTC GTC TTC CTT AAG CTT GGT GCG GCG
CAT CAG -3’). These primers served to convert the C at
nucleotide 779 of rpoN to a T, thus forming a HindIII recog-
nition sequence (i.e., 5’- CTTAAG -3’). A KmR gene cassette,
obtained as a 2.2 kb HindIII fragment from the mini-Tn5
vector pCNB5 [22], was then cloned into the HindIII site of
the mutagenized rpoN in pGEM-T Easy. The resulting
rpoN<Km fragment was excised from the pGEM-T Easy
cloning vector by NotI-digestion and introduced into P25X
wild-type by natural transformation. Transformants where a
double crossover had occurred were selected on Luria broth
medium plates supplemented with Km and were subse-
quently screened by PCR using the rpoN-F and rpoN-R
primers. DNA sequencing of the amplified product from one
of the transformants, designated G54, confirmed that ho-
mologous recombination had occurred, replacing the wild-
type rpoN with the rpoN<Km knock-out.
2.4 Preparation of cell extracts
Bacterial cells were harvested by centrifugation at 10 0006g
for 10 min at 47C, and washed twice with 40 mM Tris-Cl (pH
8.0). The cells were then resuspended in 40 mM Tris-Cl (pH
8.0) to a cell density of 0.5 g wet weight mL. The cell suspen-
sionwas sonicated using a 3/4 inch probe on aMSE-Soniprep-
150 (Sanyo Gallenkamp, Leicester, UK) for 10 s with a 20 s
cooling interval between each pulse. Cell disruption by soni-
cationwas carried out for a total of 10min. During sonication,
the cell suspension was maintained in an ice-cold slurry.
Samples were then treated with DNase and RNase at final
concentrations of 1 mg/mL and 5 mg/mL, respectively, for
20 min at room temperature, after which they were cen-
trifuged at 12 0006g for 10 min at 47C. The supernatant was
collected in 50mL centrifuge tubes and ice-coldmethanol was
added to a final volume of 40mL in each tube. The tubes were
placed at2807C for 1 h prior to centrifugation at 12 0006g for
30min at 47C. The resulting pellet was resuspended in 0.5mL
of lysis solution (8 Murea, 4% CHAPS, 40mM Tris).
2.5 2-DE
The PlusOne 2D Quant kit (Amersham Biosciences) was
used to quantify the concentration of each protein sample.
An aliquot containing 500 mg of proteins from each sample
was analyzed by 2-DE. A 13 cm long IPG strip gel (pH 4 – 7;
Amersham Biosciences) was rehydrated overnight in rehy-
dration solution (8 M urea, 2% CHAPS, 0.002% bromophe-
nol blue) containing the sample in a total volume of 250 mL.
IEF was performed using the IPGphor IEF system (Amers-
ham Biosciences) and conducted by a stepwise increase of
the voltage as follows: 500 V for 1 h, 1000 V for 1 h, and
8000 V until the total Vh reached 24 kVh. After IEF separa-
tion, strips were equilibrated twice, for 15 min each time, in
SDS equilibration buffer (50 mM Tris-Cl, pH 8.8; 6 M urea,
30% glycerol, 2% SDS, 0.0002% bromophenol blue). The
first equilibration step contained DTT (final concentration:
100 mg DTT per 10 mL of SDS equilibration buffer) and the
second step had iodoacetamide added without DTT (final
concentration: 250 mg iodoacetamide per 10 mL of equili-
bration buffer). IPG strips were then placed over a 12.5%
polyacrylamide gel (18616 cm) and electrophoresis was car-
ried out at 15 mA/gel for 15 min, after which the current was
increased to 30 mA/gel until the bromophenol blue had run
off the end of the gel. The gels were stained with Coomassie
blue R350. For each sample, duplicate gels were electro-
phoresed for each of the three independent runs. Gel evalu-
ation and data analysis were carried out using the Image-
Master 2-D Platinum program (Amersham Biosciences).
2.6 MS analysis of protein spots
Protein spots selected for analysis were manually excised
from 2-D gels and were in-gel digested with trypsin as
described [23]. After digestion, the supernatant was collected
and 1 mL was spotted onto a MALDI target plate (9662 spot
Teflon-coated plates) and allowed to air-dry for 10 min at
room temperature. Then, 0.4 mL of a 3 mg/mL solution of
CHCA matrix (Sigma, St. Louis, MO, USA) in 50% ACN was
added to the dried peptide digest spots and allowed to air-dry
for another 10 min at room temperature. MS and MS/MS
sequencing analyses were carried out using the MALDI-
TOF/TOF mass spectometer 4700 Proteomics Analyzer
(Applied Biosystems).
2.7 Data interpretation and database searching
Data fromMALDI MS andMS/MS acquisitions were used in
a combined search against the NCBI nonredundant protein
database using MASCOT (Matrix Science, London, UK) [24].
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The possible functions of some of the identified enzymes in
metabolic pathways were deduced from the BioCyc database
at http://biocyc.org/.
3 Results and discussion
3.1 Cloning of rpoN from P. alcaligenes P25X and
construction of a 54 knock-out P25X strain, G54
Sequence analysis of the 1.5 kb DNA fragment obtained by
PCR amplification using the primers rpoN-F and rpoN-R
showed that it encoded for a protein, RpoN, which is homol-
ogous to s54 from various bacteria. A phylogenetic tree
drawn from a multiple sequence alignment of the P. alcali-
genes encoded RpoN with closely related homologues clearly
showed that P25X s54 is clustered along with s54 from other
Pseudomonads (Fig. 1). Southern hybridization further
revealed that the P. alcaligenes rpoN gene is likely to be pres-
Figure 1. Phylogenetic tree drawn from a multiple sequence
alignment of the P. alcaligenes-encoded RpoN with closely rela-
ted RpoN sequences from Pseudomonas syringae pv. tomato
(accession no. NP_794207), P. syringae pv. maculicola
(AAF29509), P. syringae pv. glycinea (AAG00498), P. syringae pv.
syringae (ZP_00126321), P. fluorescens (AAQ17035), P. putida
KT2440 (NP_743113), P. aeruginosa PAO1 (NP_253152), P. stutzeri
(CAA11112), Azotobacter vinelandii (ZP_00090075), Vibrio algi-
nolyticus (BAA21883), Vibrio harveyi (AAF72887), Vibrio vulnifi-
cus (NP_759677), Vibrio parahymoliticus (NP_799049), Vibrio
cholerae (AAF95670), Listonella anguillarum (AAB95223), Sal-
monella enterica subsp. enterica serovar Typhi (NP_457699),
Salmonella typhimurium (NP_462230), E. K12 (NP_417669), Shi-
gella flexneri (NP_709001), and Klebsiella pneumoniae (P06223).
Multiple sequence alignment was carried out using CLUSTALW
at the European Bioinformatics Institute website (http://www.
ebi.ac.uk/clustalw/) and the phylogenetic tree was drawn using
the ProtDist program of the PHYLIP package (http://evolution.-
genetics.washington.edu/phylip.html) that employed the Fitsch-
Margoliash algorithm to calculate the evolutionary distance be-
tween sequences, which is depicted as a horizontal bar at the
bottom left corner of the figure.
ent as a single copy in the P. alcaligenes genome (data not
shown). A P. alcaligenes P25X rpoN knock-out strain was
subsequently constructed by disruption of the rpoN reading
frame by a KmR gene cassette at nucleotide 779 as detailed in
Section 2.3.
3.2 Global role of 54 in gene expression of
P. alcaligenes P25X as revealed by proteome
profiles
Proteins extracted from P25X wild-type and G54 cells grown
in minimal media containing 20 mM lactate were separated
by 2-DE across the pH range 4–7. The resulting gels are
shown in Fig. 2A and B. Quantitative analysis of the 355
most prominent spots revealed well-defined changes in the
intensity of many distinct polypeptides due to the insertional
inactivation of the rpoN gene. Expression of 33 out of the 355
protein spots displayed in the 2-D gels of P25X wild-type (or
9.3%; marked by circles in Fig. 2A) were observed to be
missing in the s54 mutant strain G54 (Fig. 2B). This result
was similar to that obtained for P. putida when proteome
profiles of the wild-type and rpoN mutant strains were com-
pared and close to 10% of wild-type reference proteins were
completely undetected in the rpoN mutant background [25].
A further 37 protein spots were down-regulated by more
than two-fold in extracts of G54 when compared to P25X
wild-type (marked by squares in Fig. 2A and B). These results
show the extensive participation of s54 in the global expres-
sion pattern of P. alcaligenes P25X.
3.3 The proteome profiles of P. alcaligenes P25X
compared with the 54 mutant, G54, in response
to gentisate induction
To investigate if s54 plays an important role in the P. alcali-
genes response to gentisate induction, protein extracts from
P25X wild-type and mutant G54 cells that were induced with
2.5 mM gentisate were separated on 2-DE gels (pH range
from 4–7) and compared (Fig. 2C and D). One group of 20
protein spots (designated M1–M20 in Fig. 2C) was observed
only after gentisate induction in the P25X wild-type back-
ground but not in G54. In another group of nine protein
spots (designated Uw1–Uw9 in Fig. 2A and C), expression
levels were found to increase by more than two-fold follow-
ing gentisate induction in the wild-type. Since these protein
spots were not observed in mutant G54, their expressions
could be considered to be s54-dependent. Another four pro-
tein spots (designated U1–U4 in Fig. 2A–D) appeared to have
higher expression levels ( two-fold) in P25X than in G54
when the cells were induced by gentisate (compare Fig. 2C
and D), suggesting that their up-regulation may involve s54-
dependent regulatory proteins. Interestingly, six protein
spots (designated Um1–Um6 in Fig. 2B and D) were up-
regulated in response to gentisate induction only in the G54
mutant strain but not in the wild-type.
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Figure 2. 2-DE of proteins extracted from P. alcaligenes P25X wild-type and s54 mutant G54 cells grown in minimal
media containing 20 mM lactate (A and B) and induced with 2.5 mM gentisate (C and D). Gels were stained with
Coomassie blue. Protein spots missing from the mutant G54 cells are marked by circles whereas down-regulated
spots in the G54 cells and the corresponding spots in P25X wild-type cells are marked by squares. Protein spots
designated with the prefix M represented induced de novo proteins that were detected only in gels of wild-type
gentisate-induced cells whereas spots designated with the prefix Uw, Um or U signify proteins that were up-
regulated only in gentisate-induced wild-type cells (Uw), mutant G54 cells (Um) or both (U). Although protein
spots with the prefix U were up-regulated in both wild-type and mutant G54 cells, the expression levels appeared
higher in wild-type cells compared to the mutant cells. The criteria for an up-regulated protein spot was an at least
two-fold increase in intensity of the spots in an induced sample when compared to an uinduced sample.
3.4 MS identification of proteins affected by 54 in
response to gentisate induction
Results of MALDI-TOF/TOF analyses of the 39 spots (i.e.,
M1–M20, Uw1–Uw9, U1–U 4 and Um1–Um6) that showed
differential expression in the wild-type host when compared
to the s54 mutant, G54, are summarized in Table 1. The
majority of these protein spots were identifiable based on
sequence similarities with proteins of assigned functions in
other microorganisms. Three of the protein spots (M13,
M14, and Um6) were unidentifiable as their sequences were
only found to match hypothetical proteins of unknown
functions. The identified proteins could be broadly classified
under two categories as follows:
3.4.1 Carbon metabolism-related enzymes
The largest group of proteins affected by the mutation in
rpoN in response to gentisate induction was related to carbon
metabolism. The expression of eleven of these proteins were
s54-dependent and eight of them (M2, M9, M10, M12, M15,
M16, M18, and M20) were identified only in wild-type cells
that were induced with gentisate whereas the remaining
three (Uw1, Uw3, and Uw8) had their expression levels
increased when the wild-type cells were induced with genti-
sate. Another three proteins (Um2, Um3, and Um4) were
up-regulated only in the rpoN mutant that was induced with
gentisate, whereas U3 was up-regulated higher in the wild-
type than mutant cells. Two of the s54-dependent proteins
 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.de
Proteomics 2005, 5, 1868–1876 Microbiology 1873







M 1a) chaperone-associated ATPase P.b)putida KT2440
M 2a) gentisate 1, 2-dioxygenase Ralstonia sp. U2
M 3a) putative small heat shock protein, hsp20 family Sinorhizobium meliloti
M 4 28.3 6.71 95 heat shock factor protein 7 (HSF 7) Arabidopsis thaliana
M 5 59.0 5.09 153 putative component of a subunit of NQRc) Parachlamydia sp.
M 6 80.4 5.36 83 ABC transporter substrate-binding protein Bradyrhizobium japonicum USDA
110
M 7 66.7 5.76 78 outer membrane efflux protein. P. putida KT2440
M 8a) ABC transporter, periplasmic binding protein P. putida KT2440
M 9 26.7 6.59 67 succinate dehydrogenase P. syringae pv.
M 10 53.3 5.36 92 p-hydroxybenzaldehyde dehydrogenase P. putida
M 11 13.3 6.47 563 chaperone-associated ATPase P. aeruginosa UCBPP-PA14
M 12 64.5 6.38 67 probable acyl-CoA dehydrogenase P. aeruginosa PA01
M 13 80.5 6.91 100 hypothetical protein P. syringae pv.
M 14 71.2 6.23 88 hypothetical protein P. fluorescens PfO-1
M 15a) biotin carboxylase P. aeruginosa
M 16a) malate dehydrogenase P. aeruginosa PA01
M 17 104.7 5.84 360 chaperone-associated ATPase P. putida KT2440
M 18 50.4 6.48 378 lipoamide dehydrogenase-glc P. aeruginosa PAO1
M 19 45.1 5.74 192 serine hydroxymethyltransferase P. fluorescens PfO-1
M 20a) phosphoglycerate kinase P. putida KT2440
Uw 1a) isocitrate dehydrogenase P. aeruginosa PAO1
Uw 2 43.8 5.22 340 translation elongation factor Tu P. putida KT2440
Uw 3 72.0 6.39 111 lipase precursor P. fluorescens
Uw 4 not identified
Uw 5 57.0 5.03 500 chaperonin GroEL (HSP60 family) Azotobacter vinelandii
Uw 6a) LIVAT-BPd) P. aeruginosa PAO1
Uw 7 20.9 6.84 169 HSP F Bradyrhizobium japonicum
Uw 8 39.9 5.8 171 alcohol dehydrogenase, class III P. aeruginosa PAO1
Uw 9a) flagellin P. oleovorans
U 1a) C4-dicarboxylate-binding protein P. aeruginosa PAO1
U 2a) amino acid-binding protein P. putida KT2440
U 3 40.6 6.01 142 beta-ketothiolase P. putida KT2440
U 4 49.2 5.40 202 flagellin P. aeruginosa PA01
Um 1 21.5 5.44 207 superoxide dismutase P. syringae pv.
Um 2 50.2 6.13 143 lipoamide dehydrogenase-glc P. putida
Um 3 34.5 5.42 99 fructose-1,6-bisphosphatase I Rhodobacter sphaeroides J138
Um 4 19.2 4.77 193 inorganic pyrophosphatase P. syringae pv.
Um 5 23.5 5.34 106 chemotaxis histidine kinase Bdellovibrio bacteriovorus
Um 6 39.8 4.72 102 hypothetical protein P. aeruginosa PA01
a) Spots that were similarly identified in our previous research [19]
b) P. Pseudomonas
c) NQR: Na1-translocating NADH-quinone reductase
d) LIVAT-BP: Leucine-, isoleucine-, valine-, threonine-, and alanine-binding protein precursor
were identified as aromatic hydrocarbon catabolic enzymes:
M2 shared sequence similarities with Ralstonia sp. U2-encod-
ed gentisate 1,2-dioxygenase and has been proposed to be the
strictly inducible copy of gentisate 1,2-dioxygenase in P.
alcaligenes P25X [19], whereas M10 was identified as a
homologue of P. putida-encoded p-hydroxybenzaldehyde
dehydrogenase that catalyzes the oxidation of 4-hydro-
xybenzaldehyde to 4-hydroxybenzoate in the toluene degra-
dation pathway. However, P. alcaligenes P25X is not known to
degrade toluene and M10 is instead postulated to be the
aldehyde dehydrogenase that acts on 3-hydroxy 4-methyl-
benzaldehyde, the intermediate in the degradation of 2,5-
dimethylphenol (2,5-xylenol) via gentisate.
Degradation of dimethylphenols and gentisate via the
gentisate pathway leads to the formation of malate and pyr-
uvate that are channeled directly into the tricarboxylic acid
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(TCA) cycle [26]. Thus, growth of P25X cells in gentisate
would result in increased expressions of enzymes in the
central metabolic pathways [19]. Out of the eleven s54-de-
pendent proteins, three were involved in the TCA cycle: M9
was identified as succinate dehydrogenase that catalyzes the
oxidation of succinate to fumarate and is a membrane-bound
flavin enzyme that transfers electrons directly to quinone in
the respiratory chain; M16 shared sequence similarities with
malate dehydrogenase that catalyzes the conversion of
L-malate to oxaloacetate with electrons from the oxidation
reaction being transferred to NAD1; and Uw1 was identified
as isocitrate dehydrogenase that catalyzes the oxidation of
isocitrate to a-ketoglutarate and CO2 with the concomitant
reduction of NADP1 to NADPH.
The mutation in rpoN also appeared to affect enzymes
involved in pyruvate metabolism. M18, which was expres-
sed only in the induced wild-type cells, and Um2, which
was up-regulated only in the induced rpoN mutant cells,
were both identified as lipoamide dehydrogenase (LPD).
This enzyme is part of the pyruvate dehydrogenase complex
that catalyzes the oxidation of pyruvate to acetyl-CoA and
CO2 during aerobic growth. In Listeria monocytogenes,
mutation in the rpoN gene also led to up-regulation of not
only the enzymes of the pyruvate dehydrogenase complex,
but other enzymes involved in pyruvate metabolism such as
pyruvate formate lyase, alanine dehydrogenase and lactate
dehydrogenase [27]. It was suggested that the lack of s54
directly modifies the phosphotransferase system, which in
turn affects the pyruvate to phosphoenolpyruvate ratio as
the reaction where phosphoenolpyruvate is converted to
pyruvate is the first step of the phosphorylation cascade in
the system [27]. The enzymic complex of pyruvate dehy-
drogenase in L. monocytogenes is organized as a single tran-
scriptional unit of four genes, pdhABCD, the expression
levels of which were found to increase by two- to three-fold
in an rpoN mutant [27]. However, P. putida is known to
produce three LPDs:–LPD-val, which is the specific compo-
nent of the branched-chain keto acid dehydrogenase com-
plex, and LPD-glc and LPD-3, both of which are compo-
nents of the a-ketoglutarate dehydrogenase and the pyru-
vate dehydrogenase complexes. The gene for LPD-glc is part
of the a-ketoglutarate dehydrogenase operon but can be
expressed separately from the other genes of the operon [28]
whereas the gene for LPD-3 is not part of any operon [29],
the genetic organization of which is similarly found in the
P. aeruginosa genome (PA1587 for LPD-glc and PA4829 for
LPD-3 at http://www.pseudomonas.com). M18 gave a
higher score (378) against LPD-glc of P. aeruginosa PAO1
when compared to Um2 (113) against the LPD-glc of P.
putida, strongly suggesting that the P. alcaligenes genome
may encode for more than a single LPD. As the expression
of the M18 LPD appeared to be dependent on s54, induction
of the rpoN mutant with gentisate led instead to the up-
regulation of the Um2 LPD, indicating that an analogous
gene organization of LPDs in other Pseudomonas sp. may
also be found in P. alcaligenes P25X.
Our previous study had shown that induction with gen-
tisate led to the up-regulation of enzymes involved in gluco-
neogenesis and this was postulated to be due to an increase
in the concentrations of pyruvate and oxaloacetate arising
from the degradation of gentisate [19]. In this study, we
found that the expression of phosphoglycerate kinase (pro-
tein spot M20) that catalyzes the conversion of 3-phos-
phoglycerate to 3-phospho-D-glyceroyl phosphate may also
be dependent on s54. However, in the s54-defective mutant,
up-regulation of another gluconeogenic enzyme, fructose
1,6-bisphosphatase (protein spot Um3), was observed under
gentisate induction. This enzyme catalyzes the conversion of
fructose 1,6-bisphosphate to fructose 6-phosphate and is the
penultimate step to the formation of glucose 6-phosphate in
the gluconeogenic pathway.
Besides carbohydrate metabolism, enzymes involved in
fatty acid metabolism were also found to be affected by the
mutation in P. alcaligenes-encoded rpoN. The expression of
acyl-CoA dehydrogenase (protein spot M12), that catalyzes
the oxidation of acyl-CoA to D2-enoyl-CoA with the con-
comitant reduction of FAD to FADH2, is possibly dependent
on s54, whereas s54 may be required in the up-regulation of
3-ketoacyl-CoA thiolase (protein spot U3), which is part of the
fatty acid oxidation complex catalyzing the final reaction in
the b-oxidation cycle (formation of acetyl-CoA and acyl-CoA
from 3-ketoacyl-CoA and CoA). The oxidation of fatty acids
provides a source of acetyl-CoA for the TCA cycle as well as
the gentisate pathway, and thus it is not surprising that some
of the enzymes involved in fatty acid oxidation are up-regu-
lated when P. alcaligenes cells are induced with gentisate.
The degradation of gentisate into TCA cycle inter-
mediates provides a ready supply of additional carbon;
therefore induction of other biosynthetic enzymes besides
enzymes of the gluconeogenic pathway were similarly
observed in cells induced with gentisate. M15 was identified
as biotin carboxylase, an enzyme that is part of the acetyl
CoA-carboxylase multi-enzyme complex that catalyzes the
initial step of fatty acid biosynthesis, i.e., the formation of
malonyl-CoA from acetyl-CoA and HCO3
2. Protein spot
Uw3, up-regulated in wild-type cells, shared sequence simi-
larities with a triacylglycerol lipase precursor from Pseudo-
monas fluorescens that is involved in the glycerol biosynthesis
pathway. The dependency of some of these biosynthetic
enzymes on s54 is not without precedent. In P. putida
KT2440, a long-chain-fatty-acid-CoA ligase was found to be
part of an operon (PP2764 – PP2270) that is transcribed from
a s54-dependent promoter [15].
3.4.2 Other proteins
Uw8, a protein spot that is up-regulated only in wild-type P.
alcaligenes in response to gentisate, shared sequence similar-
ity with a P. aeruginosa-encoded alcohol dehydrogenase class
III, a multifunctional enzyme that catalyzes the oxidation of
ethanol to acetaldehyde with the concomitant reduction of
NAD1 in ethanol degradation and also catalyzes the reverse
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reaction (i.e., acetaldehyde to ethanol) in mixed acid fermen-
tation pathways during anaerobic growth. Besides that, class
III alcohol dehydrogenases also catalyze the glutathione-de-
pendent conversion of formaldehyde to S-formylglutathione
(described as glutathione-dependent formaldehyde dehy-
drogenase activity) and thus participate in detoxifying for-
maldehyde generated by oxidative demethylation of methy-
lated compounds [30]. A recent report showed that the en-
zyme, purified from E. coli, Saccharomyces cerevisiae and
mouse macrophages, is also responsible for the metabolism
of S-nitrosoglutathione and may play a crucial role in pro-
tecting cells against reactive nitrosants (such as N2O3 and
NO/O2
2-related species) [31]. It would be of interest to
investigate the actual function(s) of the class III alcohol
dehydrogenase in P. alcaligenes and whether it plays a direct,
or more likely, an indirect role in gentisate degradation as no
in-depth investigations into this enzyme has been reported
for bacteria of the genus Pseudomonas.
One of the protein spots found in extracts of P. alcaligenes
wild-type cells induced with gentisate, M19, was identified as
serine hydroxymethyltransferase, an enzyme involved in
amino acid metabolism that catalyzes the cleavage of serine
to glycine with tetrahydrofolate acting as the C1 acceptor.
This reaction is one of the major sources of C1 groups used in
the biosynthesis of compounds containing methyl groups,
purine ring biosynthesis, and thymidylate [32]. Um4,
observed to be up-regulated only in the s54 mutant, was
identified as inorganic pyrophosphatase. This enzyme cata-
lyzes the hydrolysis of pyrophosphate to two orthopho-
sphates and plays an important role in energy metabolism by
providing a thermodynamic pull for biosynthetic reactions
such as protein, RNA and DNA synthesis [33]. The up-reg-
ulation of pyrophosphatase in the presence of gentisate may
be due to the inability of mutant strain G54 to up-regulate
the expression of some biosynthetic enzymes dependent on
s54 and could perhaps be the response of the cells to drive
some of the biosynthetic pathways forward.
Seven protein spots were identified as heat-shock and
stress-response proteins and most of them showed s54-de-
pendent expression in response to gentisate-induction. M3,
M4, Uw5, and Uw7 were identified as proteins of the heat-
shock protein (HSP)20, HSF 7, HSP60, and HSP F families,
respectively, whereas M1, M11, and M17 were identified as
chaperone-associated ATPases. We had proposed that the
synthesis of these stress-response proteins is one of the
important responses taken by P. alcaligenes P25X in reaction
to gentisate induction [19]. The fact that five of the seven
proteins (i.e., M1, M3, M4, M11, and M17) were identified
only in the wild-type but not in the rpoN mutant demon-
strated the importance of s54 in the P. alcaligenes stress re-
sponse.
One of the proteins that was up-regulated in mutant
strain G54 in response to gentisate induction, Um1, shared
sequence similarity with the Pseudomonas syringae-encoded
superoxide dismutase. This enzyme is integral in the oxida-
tive stress response and catalyzes the removal of superoxide
radicals. As the expression of some of the bacterial stress re-
sponse proteins are possibly impaired by the s54 mutation, it
would not be surprising to find the up-regulation of other
stress response proteins instead as the bacteria adapts its
defense strategies against the presence of toxic chemicals
and other environmental stresses.
Other proteins found to be induced or up-regulated from
both the wild-type and mutant G54 can be categorized as
proteins that are involved in cellular motility (Uw9 and U4
were identified as flagellin proteins), and membrane-asso-
ciated proteins (M5 shared sequence similarities with a
component of the a-subunit of Na1-translocating NADH-
quinone reductase; M6 and M8 were identified as ABC
transporter proteins; and M7 shared sequence similarities
with an outer membrane efflux protein from P. putida
KT2440; Uw6 was identified as a leucine-, isoleucine-, valine-,
alanine-, and threonine-binding protein, precursor; U1 was
identified as periplasmic C4-dicarboxylate-binding protein;
U2 was identified as periplasmic basic amino acid-binding
protein). The identification of these proteins is consistent
with our previous findings [19] and demonstrated that s54
affected proteins involved in diverse functions.
It is interesting to note that in this study, there weremore
protein spots that were identified for the gentisate-induced
response in P. alcaligenes P25X when compared to our pre-
vious study (33 as compared to 15) [19]. Two points should be
stated that differentiate this study from our previous report;
here, we are focusing on the proteome profile of the wild-
type P. alcaligenes P25X whereas in our earlier report [19], the
focus was on the proteome profile of a P25X mutant, G56,
constructed with a disruption in the constitutive gentisate
1,2-dioxygenease gene, xlnE. We also used the latest version
of the ImageMaster program (ImageMaster 2D Platinum)
for gel evaluation and data analysis and the 3-D view of the
spot intensity distribution afforded by this program enabled
higher resolution and better separation of the protein spots
as compared to an earlier version (ImageMaster v3.01) that
was utilized in our previous study [19]. Thirteen of the pro-
tein spots identified in our earlier study were similarly iden-
tified in this research (Table 1). The other two protein spots
that were found in the previous study but which were not
detected here may either be a direct or indirect consequence
of interrupting the expression of the constitutive gentisate
1,2-dioxygenase gene, xlnE.
4 Concluding remarks
This study has demonstrated the extensive role that the
alternative s factor, s54, plays in the global expression of
genes in P. alcaligenes strain P25X. By focusing on the effect
of gentisate induction on an rpoN insertion mutant of P25X,
we were able to show the widespread function of s54 in
modulating the physiological and biochemical changes that
P. alcaligenes undergoes in response to the presence of a toxic
aromatic compound which it can utilize as a carbon source.
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This study also offered a glimpse of how the P. alcaligenes
rpoN mutant adapts to the inability to express or up-regulate
certain proteins that are dependent on s54 by up-regulating
the expression of either other isofunctional enzymes or other
enzymes that are involved within the same metabolic path-
way instead. Induction with gentisate led to the expression of
a s54-dependent LPD in P25X wild-type but in the rpoN
mutant, up-regulation of another LPD was observed. Induc-
tion with gentisate also led to the up-regulation of fructose
1,6-bisphosphatase in the P. alcaligenes rpoN mutant as
expression of another gluconeogenic enzyme, phosphogly-
cerate kinase, was repressed. Inorganic pyrophosphatase was
also up-regulated in the rpoN mutant, possibly to drive bio-
synthetic reactions forward in compensation for the lack of
expression of some s54-dependent biosynthetic enzymes
such as biotin carboxylase and serine hydroxymethyl-
transferase. Along with our previous report [19], the know-
ledge gained from this research adds to our understanding of
the global response of P. alcaligenes P25X towards aromatic
hydrocarbons, in particular the gentisate degradative path-
way, and would help in harnessing the potential utility of this
bacterium as well as others in bioremediation of environ-
ments contaminated with methylated and halogenated
dimethylphenols.
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Exposure of indigenous microorganisms to physical stress
and aromatic hydrocarbons is known to induce the synthesis
of a set of proteins referred to as heat shock proteins (Hsps)
in addition to catabolic enzymes. The majority of conserved
Hsps with chaperone properties can be classified into six
groups: Hsp100s, Hsp90s, Hsp70s, Hsp60s, Hsp40s, and the
small heat shock proteins (sHsp) (Morimoto et al., 1994).
Within each Hsp family, a diversity of biological functions
has been discovered (Schirmer et al., 1996).
Classically, bacterial responses to various environmental
conditions were studied independently. The most widely
studied and best characterized of these responses is the heat
shock response in various bacteria to elevated temperature
(Arsene et al., 2000; Chhabra et al., 2006; Georgopoulos and
Welch, 1993; Schumann, 2003). In an analogous manner to
stress induced by temperature increase, a large number of
chemical agents were reported to induce Hsps or stress
response proteins as well. Previous studies have shown that
exposure to certain chemicals could stimulate the synthesis
of Hsps in E. coli (Diamant et al., 2001), Delftia acidovorans
MC1 (Benndorf and Wolfgang, 2002), Pseudomonas putida
KT2440 (Santos et al., 2004), and Pseudomonas putida DOT-
T1E (Segura et al., 2005), and some of these responses are
chemically specific. Different stress conditions have been
known to activate the expression of a similar set of co-
regulated ‘‘general stress response’’ proteins (Mu¨nchbachBiotechnology and Bioengineering, Vol. 9999, No. 9999, 2007 1253)
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et al., 1999; Rosen et al., 2001). According to the nature of
the stress, the bacterial response at the level of protein
synthesis could be completely different and produce
variations in the expressions of different sets of proteins.
When comparing responses to phenol and catechol with the
response to heat shock in Acinetobacter calcoaceticus,
Benndorf et al. (2001) reported commonly induced Hsp
proteins, such as GroEL and DnaK, in all the three
treatments; however, they also reported a considerable
number of proteins that were specifically induced by only
one kind of stress, such as HtpG and ClpB which were
mainly induced by heat shock.
The synthesis or the overexpression of Hsps allows
bacteria to adapt and survive under adverse environmental
conditions. Hsps that have chaperone activity play an
important role in cell survival, and function in processes
such as protein renaturation, degradation or refolding of
proteins after stress, preventing protein aggregations,
ensuring proper protein targeting to membranes and even
the control of protein–protein interactions (Ellis and
Hemmingsen, 1989; Hendrick and Hartl, 1993). Deficiencies
in some of the hsp genes will usually lead to growth defects.
Mutation in the htpG gene led to growth inhibition of
Synechocystis sp. PCC6803 at 408C; for Synechococcus
sp. PCC7942, mutation in a sHsp-encoding gene (orf7.5)
inhibited growth at 458C (Fang and Barnum, 2003;
Nakamoto et al., 2001).
P. putida DOT-T1E mutants, deficient in the synthesis of
some stress-related proteins such as CspA2, XenA, and Tuf-
1, showed slower growth in the presence of toluene and were
less tolerant of sudden toluene shocks than their parental
strain (Segura et al., 2005). However, overexpression of
groESL in Clostridium acetobutylicum and in Lactococcus
lactis and Lactobacillus paracasei NFBC 338 resulted in an
increase in butanol tolerance (Desmond et al., 2004; Tomas
et al., 2003).
Pseudomonas alcaligenes NCIMB 9867 (strain P25X) is a
soil bacterium capable of degrading xylenols, cresols as well
as their methylated and halogenated derivatives via the
gentisate pathway, one of the three main pathways in
bacterial aromatic hydrocarbon degradation (Hopper and
Chapman, 1971). We have previously reported the global
response of P25X wild-type and a s54 knock-out mutant
towards the aromatic substrate gentisate and showed that
part of this response includes the expression and up-
regulation of a variety of stress-related proteins including
Hsps (Zhao et al., 2004, 2005). In nature, microorganisms
generally live in environments that do not provide optimal
growth conditions, thereby leading to the cross-adaptation
between growth temperature changes and responses to other
kinds of stress. In practice, the soil temperature for
bioremediation of aromatic hydrocarbon compounds can
rise to above 428C in the tropics. Thus, a proteome analysis
of P25X grown on aromatic hydrocarbon substrates and at
an elevated growth temperature would enable us to have a
better understanding of the P25X response towards these
two environmental stresses, especially on the expression of2 Biotechnology and Bioengineering, Vol. 9999, No. 9999, 2007Hsps and the genes encoding the gentisate degradative
pathway enzymes.uthor ProofMaterials and Methods
Bacterial Strains, Growth, and Induction
P. alcaligenes P25X was maintained on minimal agar plates
containing 2.5 mM 2,5-xylenol (2,5-dimethylphenol) as the
sole carbon source.
For proteome analysis, overnight cultures of either P25X
in 10 mL liquid Luria-Bertani medium were inoculated into
2-L flasks containing 500 mL of liquid minimal media
(Hegeman, 1966) with 20 mM sodium lactate. The cultures
were grown with shaking at 328C or 428C to an OD580 of
0.5–0.6. Gentisate, as the inducer, was introduced to the
culture at a final concentration of 2.5 mM. Although P25X
cells were able to grow on gentisate as the sole carbon source
at 328C but not at 428C, the amount of cells and, thus, the
amount of proteins produced, would be very little when
compared to growth on lactate. Since it is impractical to
resolve low amounts of protein on 2D gels, cells were grown
on lactate and induced with gentisate, as has been
established and carried out previously (Poh and Bayly,
1980; Yeo et al., 2003). To obtain uniform samples for
proteome analysis, all cultures were incubated for a further
8 h after gentisate induction and harvested at the late
exponential growth phase.Preparation of Cell Extracts
Bacterial cells were harvested by centrifugation at 10,000g
for 10 min at 48C, and washed twice with 40 mM Tris-Cl
(pH 8.0). The cells were then resuspended in 40 mM Tris-Cl
(pH 8.0) to a cell density of 0.5 g wet weight per milliliter.
The cell suspension was sonicated using a 3/4 inch probe on
a MSE-Soniprep-150 (Sanyo Gallenkamp, Leicester, UK) for
10 s with a 20 s cooling interval between each pulse. Cell
disruption by sonication was carried out for a total of
10 min. During sonication, the cell suspension was maintain-
ed in a ice-cold slurry. Samples were then treated with
DNase and RNase at final concentrations of 1 mg/mL and
5 mg/mL, respectively, for 20 min at room temperature,
after which they were centrifuged at 12,000g for 10 min at
48C. The supernatant was collected in 50 mL centrifuge
tubes and ice-cold methanol was added to a final volume of
40 mL in each tube. The tubes were placed at 808C for an
hour prior to centrifugation at 12,000g for 30 min at 48C.
The resulting pellet was resuspended in 0.5 mL of lysis
solution (8 M urea, 4% CHAPS, 40 mM Tris).Two-dimensional Electrophoresis (2-DE)
The PlusOneTM 2D Quant kit (AmershamQ1 Biosciences)
was used to quantify the concentration of each proteinDOI 10.1002/bit
A
sample. An aliquot containing 500 mg of proteins from each
sample was analyzed by 2-DE. A 13 cm long IPG strip gel
(pH 4–7; Amersham Biosciences) was rehydrated overnight
in rehydration solution (8 M urea, 2% CHAPS, 0.002%
bromophenol blue) containing the sample in a total volume
of 250 mL. IEF was performed using the IPGphor IEF system
(Amersham Biosciences) and conducted by a stepwise
increase of the voltage as follows: 500 V for 1 h, 1,000 V for
1 h, and 8,000 V until the total volt-hours reached 24 kVh.
After IEF separation, strips were equilibrated twice, for
15 min each time, in SDS equilibration buffer (50 mM Tris-
Cl, pH 8.8; 6 M urea, 30% glycerol, 2% SDS, 0.0002%
bromophenol blue). The first equilibration step contained
DTT (final concentration: 100 mg DTT per 10 mL of SDS
equilibration buffer) and the second step had iodoacetamide
added without DTT (final concentration: 250 mg iodoa-
cetamide per 10 mL of equilibration buffer). IPG strips were
then placed over a 12.5% polyacrylamide gel (14 15 cm)
and electrophoresis was carried out at 15 mA/gel for 15 min,
after which the current was increased to 30 mA/gel until the
bromophenol blue had run off the end of the gel. The gels
were stained with Coomassie blue R350. For each sample,
duplicate gels were electrophoresed for each of the three
independent runs. 2D Gels were scanned by ImageScan-
nerTM II (Amersham Bioscience) with LabScan software v5.0
(Amersham Bioscience). Gel evaluation and data analysis
were carried out using the ImageMasterTM 2D Platinum
program (Amersham Biosciences). Spots were automatically
detected and matched. The following spot detection
parameters were used in the analysis of all gels: smooth
(2), min area (2), and saliency (1,000). Spots from three
replicate gels with at least twofold volume greater than the
corresponding spots in control gels and with a statistical
relevance ( P< 0.05) were submitted to further mass
spectrometric analysis.AMass Spectrometry Analysis of Protein SpotsProtein spots selected for analysis were manually excisedfrom 2D gels and were in-gel digested with trypsin asdescribed (Shevchenko et al., 2001). After digestion, thesupernatant was collected and 1 mL was spotted onto a
MALDI target plate (96 2 spot Teflon1-coated plates) and
allowed to air-dry for 10 min at room temperature. Then,
0.4 mL of a 3 mg/mL solution of a-cyano-4-hydroxytrans-
cinnamic acid matrix (Sigma, St. Louis, MO) in 50%
acetonitrile was added to the dried peptide digest spots and
allowed to air-dry for another 10 min at room temperature.
MS and MS/MS sequencing analyses were carried out
using an Applied Biosystems 4700 Proteomics analyzer
(TOF/TOF) (Applied Biosystems, Framingham, MA).
Samples were analyzed both in TOF MS and MS/MS mode.
MS spectra were acquired in reflector positive ion mode with
the accelerating voltage set at 20 kV. Peptide masses were
acquired for the range from 800 to 3,500 m/z. MS spectra
were summed from an Nd:YAG laser operating at 355 nmZhaouthor Proof
and 200 Hz from 1,500 laser shots for MS mode and 5,000
laser shots for MS/MS mode. Laser power was set at 3,400 for
MS mode and 4,200 for MS/MS. Fragmentation of the
peptides was induced by the use of nitrogen as a collision gas
and the collision energy of 1 kV.Data Interpretation and Database Searching
Data from MALDI MS and MS/MS acquisitions were
processed by Data Explorer v4.6 (Applied Bioscience) and
used in a combined search against the NCBI non-redundant
protein database using MASCOT v 2.0 (Matrix Science Ltd.,
UK) (Perkins et al., 1999). The signal-to-noise ratio (S/N)
for peak identification in MS/MS mode was set at >40.
The following search parameters were used in all Mascot
searches: maximum of one missed trypsin cleavage; cysteine
carbamidomethylation and methionine oxidation; an error
tolerance of 100 ppm for the parent ion mass and an error
tolerance of 0.2 Da for the MS/MS fragment mass. Protein
hits with scores >76 ( P< 0.05) were considered with high
confidence to be homologous to the proteins in the
database.Results and Discussion
Influence of Elevated Growth
Temperature on Cellular Functions
P. alcaligenes P25X cells, when grown in the presence of
the aromatic inducer gentisate, undergo significant physio-
logical changes as reflected in their protein profiles. The
expression of membrane-associated proteins, flagellins,
carbon metabolism-related enzymes, and catabolic enzymes
are some of the examples and these have been discussed
extensively in our previous papers (Zhao et al., 2004, 2005).
In this study, we first investigated how elevated
temperature could affect the cellular functions when
P25X cells were cultured in the presence of gentisate (Fig.
1B and D). Proteins involved in diverse cellular functions,
which included carbon metabolism, cellular motility or
chemotaxis, material transport, and energy conservation or
electron transfer, were not detected when P25X cells were
grown at 428C and exposed to gentisate (data not shown).
Interestingly, the two isofunctional gentisate 1,2 dioxy-
genases for the gentisate pathway in P25X (spot M1 for GDO
I and spot M2 for GDO II; Fig. 1B) were among the protein
spots that were not detected. The lack of detection of GDO I
and II is consistent with the observation that gentisate was
not consumed at 428C. This could explain the growth of
P25X on 20 mM lactate but not when 2.5 mM gentisate was
used as the sole carbon and energy source at 428C. The lack
of expression of either a positive regulator or the catabolic
enzymes themselves could be possible reasons for the failure
of P25X to grow on gentisate at 428C.et al.: Proteomic Analysis of Hsp Expression in Pseudomonas alcaligenes 3
Biotechnology and Bioengineering. DOI 10.1002/bit
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Influence of Gentisate, Elevated Growth Temperature,
and Combined Treatment of Both on the
Expression of Hsps
Not surprisingly, large numbers of Hsps were detected when
P25X cells were grown at 428C and exposed to gentisate.
Hsps are known to be expressed in response to a wide range
of stress conditions. It was suggested that during heat shock
conditions, expression of genes for alternative carbon
metabolism is possibly arrested as resources are channeled
for the expression of Hsps that are necessary for the survival
of the cell (Bukau and Horwich, 1998). In E. coli, cells
synthesize high levels of Hsps, such as GroEL, DnaK, ClpB,
and EF-Tu, that comprised 5–10% of total cell proteins,
when they were subjected to elevated temperatures from 37
to 448C. These Hsps were synthesized in vast molar excess
over the other essential protein components of the
translation machinery (Diamant et al., 2001). Thus, the
detection of large numbers of Hsps but not catabolic
enzymes indicated that induction of Hsps in P25X cells is
one of the important strategies for cell survival under
stressful conditions.
In order to understand the complementing defense
mechanisms (mainly on the expression of Hsps), a long-
term treatment (in which cells were cultured overnight at
elevated temperature in the presence of an aromatic
compound) was performed instead of a classical sudden
heat stress shock treatment. It has been shown that higher
concentrations and exposure times would usually be
necessary to clarify the target of stress condition, so
prolonged shock had a more substantial effect on the stress
response than did transient shock (Vasseur et al., 1999).
Thus, proteins extracted from P25X cells grown at 328C in
MM containing 20 mM lactate were compared with those
grown under three stringent growth conditions: (i) at 328C
with 2.5 mM gentisate exposure; (ii) at 428C in MM
containing 20 mM lactate; and (iii) at 428C with 2.5 mM
gentisate exposure (Fig. 1A–D).
When P25X cells were grown in lactate at 328C, eight
Hsps, identified as belonging to Hsp70 (spot H6), Hsp60
(spots H7, H8, and H12), Hsp45 (spot H14), and sHsp
(spots H17, H18, and H19) families, were detected (Table I).
When exposed to gentisate, the expression of three of these
proteins (spots H8, H14, and H17) was up-regulated by at
least twofold. At the same time, five additional Hsps were
identified—proteins H1, H2, and H3, which belong to the
Hsp100 family, and proteins H15 and H16, which are both
members of the sHsp family (Table I).
When comparing the proteome profiles of P25X cells
grown at 328C with those grown at 428C overnight (Fig. 1A
and C), a large number of non-Hsps were observed to be
down-regulated, consistent with observations from a
previous study carried out with Agrobacterium tumefaciens
(Rosen et al., 2002). Eight Hsps that were expressed in cells
grown at 328C were all up-regulated, with GroEL of the
Hsp60 family (spot H8; Fig. 1C) being highly up-regulated
by 14-fold. In addition, eight Hsps were expressed when4 Biotechnology and Bioengineering, Vol. 9999, No. 9999, 2007uthor Proof
P25X cells were grown at 428C—four are members of
the Hsp100 family (spots H1, H2, H3, and H4; Fig. 1C),
three are Hsp60 types (spots H9, H10, and H11; Fig. 1C),
and one sHsp (spot H15; Fig. 1C). Four of these eight Hsps
that were expressed only at 428C were also expressed when
P25X cells were grown at 328C and exposed to gentisate
(namely, spots H1, H2, H3, and H15; Table I).
The combined treatment of P25X by gentisate exposure
and elevated growth temperature showed a pleiotropic effect
that was not observed from the examination of proteomes
produced in response to each stimulus alone. Besides the
16 Hsps produced in response to growth at 428C, two
additional Hsps, namely protein H5 (Hsp90 family) and
protein H13 (Hsp60 family), were detected when cells were
grown at 428C and induced with gentisate (Table I).
Interestingly, protein H16, which was identified as a sHsp,
was only expressed in P25X cells that were induced with
gentisate at 328C.Identification of P25X Hsps
The 19 Hsps that were identified by MALDI-TOF/TOF
analyses and their expression levels under different growth
conditions are listed in Table I. The majority of these
proteins were identified based on sequence similarities with
proteins of assigned functions in other microorganisms.
Their classification under six different Hsp families is based
on their molecular mass. However, it should be pointed out
that the results obtained from this study does not rule out
the possibility of post-translational protein modifications, as
multiple spots of the same gene product have previously
been identified in the 2D gels of E. coli, B. subtilis, B.
japornicum, and A. tumefaciens (Buttner et al., 2001; Rosen
et al., 2002; Tomoyasu et al., 2001).Hsp100 Family
Three proteins (spots H1, H2, and H3; Table I) were
identified as homologs of ATPases with chaperone activity.
Their theoretical molecular masses of approximately 104
kDa suggested that they belonged to the Hsp104 group,
which is a subgroup of the Hsp100 family. All three protein
spots were detected in extracts of P25X cells that were grown
at 328C with gentisate exposure. No changes were observed
in their expression levels when P25X cells were grown at
428C, with or without exposure to gentisate. Hsp100
proteins are a family with a wide variety of functions, such as
increased tolerance to high temperature through ATP-
dependent disaggregation and unfolding for degradation,
promotion of proteolysis of specific cellular substrates and
even in the regulation of transcription (Schirmer et al.,
1996). All Hsp100 proteins that have been tested, including
its subfamily members, are ATPases (Schirmer et al., 1996).
Another protein H4 (Table I) was identified as the ClpB
protein, a subgroup of the Hsp100 family. H4 was only
detected in extracts of cells that were grown at 428C.DOI 10.1002/bit
Author Proof
Figure 1. A: 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type grown in minimal media containing 20 mM lactate at 328C. B: 2D PAGE of proteins extracted
from P. alcaligenes P25X wild-type grown in minimal media containing 20 mM lactate at 328C and exposed to 2.5 mM gentisate. C: 2D PAGE of proteins extracted from P. alcaligenes
P25X wild-type grown in minimal media containing 20 mM lactate at 428C. D: 2D PAGE of proteins extracted from P. alcaligenes P25X wild-type grown in minimal media containing
20 mM lactate at 428C and exposed to 2.5 mM gentisate. Protein spots designated with the prefix ‘‘H’’ represented identified Hsp proteins under various conditions. Protein spots
designated with the prefix ‘‘M’’ represented identified proteins that were not detected when P25X cells were grown at 428C.AGentisate exposure at 428C did not lead to any observablechange in the expression level of protein H4. Our resultsthus agree with the suggestion that ClpB is required for cellsurvival under severe but not moderate thermal stress
(Lindquist, 1995; Weibezahn et al., 2004).Hsp90 Family
Protein H5, which was identified as a molecular chaperone
of the Hsp90 family, was only detected in extracts of P25X
cells that were grown at 428C in the presence of gentisate
(Table I). This indicated that Hsp90 may play a unique role
in helping P. alcaligenes P25X to overcome severe stressful
growth conditions. The Hsp90 family is part of a powerful
network of chaperones that function to protect proteins
from denaturation on temperature upshifts (Nair et al.,
1996; Thomas and Baneyx, 2000). In addition to heat, htpG
expression in E. coli and P. putida has been shown to beZhaoinduced by treatments with a variety of chemicals including
ethanol, 2-chlorophenol, and phenol (Gage and Neidhardt,
1993; Mason et al., 1999; Santos et al., 2004). However, it
was suggested that Hsp90 was not required for the de novo
folding of most proteins during growth at normal or mild
stress conditions (Csermely et al., 1998), an inference that is
in agreement with our findings.Hsp70 Family
Protein H6, identified as the DnaK protein (a member of the
Hsp70 family), was detected under all four experimental
conditions, but with an increased expression when P25X
cells were grown at 428C (Table I). Hsp70 chaperones are
known to function in preventing protein aggregation and
assisting in the refolding of misfolded proteins not only
under stress conditions but also under normal conditions
(Hartl, 1996). Thus, it is not surprising to detect protein H6et al.: Proteomic Analysis of Hsp Expression in Pseudomonas alcaligenes 5
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in P. alcaligenes P25X grown under normal growth
conditions. Interestingly, no difference in DnaK levels were
observed when P25X cells were exposed to gentisate, an
observation that differs from that of Burkholderia sp. YK-2
which showed an increase in DnaK expression when exposed
to 2,4-dichlorophenoxypropionic acid (2,4-DCPP) (Cho
et al., 2000).Hsp60 Family
This is the largest group of Hsps discovered with seven
proteins (H7–H13; Table I) identified as the GroEL
chaperonin and two proteins (spots H18 and H19; Table I)
identified as the GroES co-chaperonin (Hsp10 protein). The
GroESL chaperonins form protein complexes that play an
essential role in all cells, assisting in the proper folding of a
large variety of newly synthesized and newly translocated
proteins to their native state and are among the group of
cellular machineries utilizing ATP binding and hydrolysis to
drive ordered conformational changes (Frydman, 2001;
Hartl and Hayer-Hartl, 2002). In E. coli, the groESL operon
exists as a single copy in its genome but a number of other
bacteria such as Bradyrhizobium japonicum, Streptomyces
lividans, and Synechocystis PCC 6803 possess multiple
groESL operons or groEL genes with different expression
patterns (De Leo´n et al., 1997; Fischer et al., 1993, 1999;
Glatz et al., 1997).
The identifications of multiple copies and different
expression profiles of the GroES and GroEL proteins in
P25X indicate that its genome may harbor several groESL
genes which are perhaps under different transcriptional
control mechanisms. Our previous study had shown that the
expression of one of the P25X GroEL proteins (spot H8) was
s54-dependent. Interestingly, H8 is one of the more highly
expressed proteins in P25X cells that were grown at 428C
and exposed to gentisate with increased expression levels of
up to 19-fold when compared to its levels in cells that were
grown at 328C.A45-kDa HspsProtein spot H14 shared sequence identity with the bacterial
translation elongation factor Tu (EF-Tu) from P. putida
KT2440 (Table I). The EF-Tu protein is highly conserved
and plays an integral role in polypeptide elongation during
conventional protein synthesis (Caldas et al., 1998). EF-Tu
has also been found to function in the refolding of denatured
proteins, much like other molecular chaperones (Caldas
et al., 1998). The involvement of EF-Tu not only in heat
stress but also in solvent-induced stress has been recently
reported for P. putida DOT-T1E (Segura et al., 2005).
In P. alcaligenes P25X, EF-Tu (spot H14) was detected in
cells that were grown at 328C and showed increased
expression levels when cells were induced with gentisate as
well as when cells were grown at 428C. This profile is
consistent with the dual role of EF-Tu in protein synthesisZhaounder normal physiological conditions and as a molecular
chaperone under conditions of heat- and chemical-induced
stress.uthor Proof
sHsp
Besides proteins H18 and H19, which were identified as
GroES and discussed earlier, three other proteins (H15, H16,
and H17) were categorized as sHsps (Table I). The main
function of this diverse family of proteins is to prevent the
accumulation of unfolded protein intermediates during
stress periods by binding to denatured proteins and
maintaining them in a folding-competent state (Ehrnsper-
ger et al., 1997; Lee et al., 1997).
In P25X, it was observed that proteins H15 and H17 were
expressed in cells grown at 328C and its levels were higher
when cells were grown at 428C with or without gentisate
exposure. On the other hand, protein H16 was detected only
in cells that were grown at 328C with gentisate exposure but
not when cells were grown at 428C irrespective of the
presence of gentisate. The differential expression profile of
the sHsps in P25X is thus similar to the expression profile
and the multifarious nature of sHsps in B. japonicum
(Mu¨nchbach et al., 1999).Conclusions
This study deals with the expression of Hsp proteins
observed on 2D gels of protein extracts from P. alcaligenes
P25X when the growth temperature was up-shifted from 32
to 428C in the presence and absence of gentisate. Several
Hsps from various families were identified and their
differential expressions afforded us a glimpse of the
mechanism which P25X cells employ to respond to elevated
temperature as well as exposure to gentisate.
Interestingly, the two key enzymes for the gentisate
pathway in P25X, GDO-I, and GDO-II, were not detected
when cells were grown at 428C even with gentisate exposure.
This would certainly be an impediment in utilizing P25X for
soil bioremediation in the tropics as the soil temperature can
rise to more than 428C. It was observed in this study that
GroEL (Hsp60 family) exhibited high levels of expression in
P25X when grown at 428C with exposure to gentisate.
Expression of appropriate gene(s) under the control of
bacterial stress promoters would allow the uncoupling of
expression of the desired metabolic activity from bacterial
growth and facilitate bioremediation (Little et al., 1991;
Matin et al., 1995; Timmis et al., 1994). Thus, it is expected
that if the highly expressed GroEL promoter can be cloned
and characterized from P25X, P25X groEL promoter-driven
GDO degradative systems can be constructed in P25X and
tested for in situ efficacy. In this way, new biocatalysts with
optimum activity at high temperatures could perhaps be
expressed from stress promoters such as GroEL in large
quantities for bioremediation in the tropics.et al.: Proteomic Analysis of Hsp Expression in Pseudomonas alcaligenes 7
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